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PREFACE 


i | . Eighteenth  General  Meeting  of  the  American  Towing  Tank  Conference  was  held  In 

Annapolis,  Maryland  from  the  23rd  to  the  25th  of  August  1977.  The  conference  sessions  ' 
were  held  In  Rlckover  Hall,  the  Engineering  Studies  Complex  at  the  United  States  Naval 
Academy.  The  18th  ATTC  was  attended  by  226  delegates  and  observers  from  North  and 
South  America  and  a nunber  of  foreign  guests  who  were  at  the  Naval  Academy  to  attend  a 
meeting  of  the  Presentation  and  Information  Committee  of  the  International  Towing  Tank 
Conference  (ITTC).  As  part  of  the  Conference,  a dedication  ceremony  for  the  new  380 
foot  Naval  Academy  Model  Basin  was  held  on  Wednesday  afternoon,  the  24th  of  August. 
During  this  dedication,  water  samples  from  the  towing  tanks  represented  at  the 
conference  were  poured  Into  the  model  basin  In  a "mixing  of  the  waters"  ceremony. 

The  business  meeting  of  the  17th  ATTC  recommended  that  a new  technical  committee 
be  established  to  prepare  a state-of-the-art  report  on  those  subjects  covered  by  the\ 
Propeller  and  Performance  committees  of  the  ITTC.  The  addition  of  a Propulsion  \ 
Committee  to  the  18th  ATTC  raised  the  number  of  technical  sessions  to  six.  This 
expansion  required  two  sessions  to  be  held  on  the  morning  of  the  second  day  and  resulted 
In  some  of  the  sessions  exceeding  their  time  allocation.  As  a result,  the  time 
available  for  discussions  of  committee  reports  and  contributed  papers  was  less  than  at 
previous  conferences.  What  was  gained,  however,  was  an  excellent  collection  of  State- 
of-the-Art  reports  and  contributed  papers  on  all  topics  covered  by  the  ITTC.  Coming 
one  year  prior  to  the  meeting  of  the  ITTC,  the  Proceedings  of  the  ATTC  now  constitute  a 
significant  summary  of  the  activities  of  Its  member  organizations  in  North  and  South 
America.  As  such.  It  complements  the  efforts  of  the  ITTC  to  disseminate  that  knowledge 
which  has  been  acquired  during  the  years  between  its  conferences. 

The  chairman  of  each  technical  committee  was  responsible  for  the  contents  and 
presentation  of  his  committee's  State-of-the-Art  report  during  the  technical  sessions. 

He  also  selected  the  written  contributions  which  were  presented  and  discussed  during 
his  session.  The  editors  would  like  to  compliment  these  chairmen  and  all  members  of 
tne  technical  committees  for  their  outstanding  efforts  during  the  conference  and  for 
the  excellent  material  contained  in  these  proceedings.  Their  dedicated  work  is  greatly 
appreciated  by  all  who  attended  the  conference  and  who  read  these  proceedings. 
Specifically  we  would  like  to  thank  the  Resistance  and  Flow  Conmlttee  (Prof.  Louis 
Landweber,  Chairman);  the  Propulsion  Committee  (Mr.  Raymond  Wermter,  Chairman);  the 
Cavitation  Committee  (Prof.  Blaine  Parkin,  Chairman);  the  Systems  and  Techniques 
Committee  (Mr.  Peter  Ward  Brown,  Chairman);  the  Maneuvering  Comnittee  (Mr.  William 
Smith,  Chairman);  and  the  Seakeeping  Committee  (Prof.  J.  Randolph  Paulllng,  Chairman). 

-~We. woyld  like  to  join  the  conference  participants  in  thankino  thfi-Naval  ArarW's 
-Division  of_Engineering  and  Weapjjns^C^  .for  hosting  the 

-conference. .We  would  also  like  to  express  our  gratitude  to  the  Naval  Sea  Systems' 

Command  for  supporting  the  salaries  of  several  members  of  the  organizing  comnittee 
while  working  on  the  conference.  In  addition,  we  are  especially  Indebted  to  Mr. 

Stanley  Doroff  and  the  Fluid  Dynamics  Branch  of  the  Office  of  Naval  Research  for  their 
financial  assistance  in  the  publication  of  these  Proceedings.  Their  support  allows  us 
to  provide  a permanent  contribution  to  the  literature  of  the  towing  tank  community. 

Finally,  we  wish  to  take  this  opportunity  to  acknowledge  the  contributions  made  by 
the  other  members  of  the  organizing  committee:  NAVSEA  Research  Professor  Jack  Hoyt,  who 
acted  as  co-chairman  in  coordinating  the  housing,  the  Dedication  Ceremony  and  many  other 
details;  Mr.  Max  Altmann,  who  acted  as  secretary  and  coordinated  the  tours  of  the 
Hydromechanics  Laboratory;  Professor  Roger  Compton  who  arranged  the  social  events;  LCDR 
William  Harris,  coordinator  for  the  Rickover  Hall  tours  and  bus  transportation;  Mr. 

John  Hill  who  organized  the  coffee  breaks;  Mr.  Robert  Keane,  of  NAVSEC,  who  provided 
personnel  for  the  registration  desk;  CDR  Henry  Schmidt  and  LCDR  Sam  Lowrie,  CF,  who 
handled  parking  and  public  relations;  and  LCDR  Ronald  Ruys,  who  acted  as  treasurer  and 
assisted  in  coordinating  many  other  aspects  of  the  conference.  We  are  also  indebted 


to  Ms.  Inez  Johnson  (and  to  the  many  other  secretaries  who  prepared  the  State-of-the-Art 
reports  and  written  contributions)  for  the  excellent  preparation  of  this  manuscript. 


BRUCE  JOHNSON 
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Tuesday  - 23  August 


Program  of  the  Eighteenth  General  Meeting  of  the 
American  Towing  Tank  Conference 
23-25  August  1977 
Rlckover  Hall 

United  States  Naval  Academy 


Registration 
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MPT  Johnaprdu?i  McKS?’  SuPerfntendent.  US NA 

MPT  John  R.  Wales.  Director.  Division  of  Engineering  & Weapons 
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Chairman: 


RESISTANCE  AND  FLOW 
Louis  Landweber 


Wednesday  - 24  August 


Technical  Session  II:  PROPULSION 
Chairman:  Raymond  Wermter 

Open  House,  Rlckover  Hall 

Cocktail  Hour,  Officers  Club 
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Chairman:  Randolph  Pauli Ing 


Business  Session 
Chairman: 
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Open  House,  Rlckover  Hall 
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The  Executive  Committee  of  the  ATTC  consists  of  the  Chairman  of  the  current 
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Mr.  Richard  S.  Rothblum 
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Mr.  Peter  Ward  Brown,  Chairman 
Mr.  William  Barkley 
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LOCAL  ORGANIZING  COMMITTEE 


Mr.  Max  Altmann,  Secretary 
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Mr.  Stanley  Doroff 
LCDR  William  Harris 
Mr.  John  Hill 

Prof.  Jack  W.  Hoyt,  Co-Chairman 
Prof.  Bruce  Johnson,  Chairman 
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LCDR  Sam  Lowrie,  CN 
Prof.  Bruce  Nehrling 
LCDR  Ronald  Ruys 
CDR  Henry  Schmidt 
CAPT  John  R.  Wales 


ATTC  BUSINESS  SESSION 


The  meeting  was  brought  to  order  at  1430,  25  August  1977,  by  the  Chairman,  Prof. 
Johnson. 

Hr.  Mathews,  ATTC  representative  to  the  ITTC,  reported  on  the  final  budget  for  the 
ITTC  held  In  Ottawa  in  1975.  He  Indicated  that  partial  costs  of  the  conference  were 
borne  by  US  Companies  and  the  Office  of  Naval  Research,  Canadian  Companies,  and  the 
North  American  attendees.  The  major  funding  sponsor  was  the  National  Research  Council 
of  Canada.  Since  government  support  seems  to  be  more  difficult  to  arrange  each  year, 
this  may  be  the  last  "hosted"  ITTC. 

Mr.  Mathews  Indicated  that  the  next  ITTC  would  be  held  in  the  Netherlands  Sep  3-9, 
1978.  Several  conference  of  interest  to  attendees  are  also  being  planned  in  Europe 
around  these  dates. 

Mr.  Mathews  reported  on  the  results  of  a survey  to  determine  his  successor  as  ATTC 
representative  to  the  ITTC.  Two  organizations  with  candidates  were  prepared  to  support 
the  substantial  travel  costs  involved.  In  a second  poll  of  ITTC  delegates  and  ATTC 
executive  conmittee  members.  Dr.  Breslin  of  Davidson  Laboratory  was  favored  by  a large 
majority  for  this  position.  After  being  recommended  by  Mr.  Mathews,  the  Conference 
approved  this  nomination,  and  Dr.  Breslin  will  take  office  following  the  next  ITTC. 

Dr.  Breslin  gave  a short  acceptance  speech  following  his  election. 

Dr.  Cummins  noted  the  superb  job  done  by  Mr.  Mathews  and  the  Conference  endorsed 
this  view  by  applause. 

Prof.  Johnson  introduced  the  topic  of  the  location  of  the  next  conference,  and 
after  some  discussion,  the  invitation  received  from  Dr.  Couch  for  the  University  of 
Michigan  was  accepted  for  the  19th  ATTC.  Further,  the  20th  ATTC  has  been  invited  to 
Davidson  Laboratory,  the  site  of  the  first  ATTC  meeting  in  1938,  as  being  a most 
fitting  anniversary  location.  Placed  in  reserve  for  future  consideration  is  an 
invitation  from  Dr.  Parkin  of  ARL,  Penn  State. 

The  final  topic  of  the  meeting  was  the  general  meeting  arrangement  of  the  ATTC. 

No  recommendations  for  a change  in  committee  structure  were  received.  It  was  suggested, 
however,  in  selecting  Chairman  for  the  Technical  Committees,  that  the  selectee  pledge 
to  do  his  utmost  to  have  his  state-of-the-act  report- available  two  months  before  the 
conference  to  permit  printing,  mailing,  and  full  study  by  the  Conference  attendees. 

Dr.  Cumnins  noted  the  strong  technical  tone  of  the  conference.  Prof.  Lewis  suggested 
a closer  time  limit  on  oral  presentations  in  order  to  ensure  more  complete  discussions 
of  the  papers.  Simultaneous  sessions  were  discussed  but  rejected.  Mr.  Mathews 
suggested  that  each  technical  committee  be  alert  to  problems  of  operation  in  ice,  as 
there  will  be  5 major  ice  tank  facilities  in  North  America  before  the  next  ATTC,  and 
the  topic  will  be  of  increasing  technical  and  commercial  concern. 

After  announcements  concerning  the  deadline  for  submission  of  final  changes  and 
discussion  on  the  18th  ATTC  papers,  the  meeting  was  adjourned  at  1600. 


J.  W.  HOYT 
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Rear  Admiral  Llsanby's  Remarks  at  the 
Banquet  of  the 

18th  American  Towing  Tank  Conference 
U.  S.  Naval  Acadenjy 
24  August  1977 


In  deference  to  the  flavor  of  our  International  gathering,  let  me  say  Buenas 
Noches,  Boas  Tardes,  Dobry  Vecher,  Hao  Bu  Hao,  and  good  evening  ladles  and  gentlemen. 

It  Is  reassuring  to  see  such  a fine  turnout  for  the  18th  American  Towing  Tank  Conference. 
I am  always  pleased  to  return  to  this  site  of  many  Important  memories  of  my  Midshipman 
days,  and  I am  especially  honored  to  join  such  an  august  scientific  gathering. 

i The  dedication  of  the  towing  tank  this  afternoon  In  Rlckover  Hall  brings  the  naval 

scientific  community  another  outstanding,  educational  and  research  tool.  At  the 
dedication  ceremony  we  heard  from  both  Rear  Admirals  Kauffman  and  King  who,  among 
others  on  the  Academy  staff,  were  the  force  behind  having  this  tank  built.  I echo 
their  awards  tonight. 

We  have  truly  come  a long  way  since  the  turn  of  the  century  when  Rear  Admiral 
David  Taylor  advocated  and  supervised  the  construction  of  the  country's  first  experi- 
mental model  basin  at  the  Washington  Navy  Yard.  That  basin  was  one  of  the  world's 
finest  until  DTMB  — The  David  Taylor  Model  Basin  — was  dedicated  In  1939  at  the 
Naval  Ship  Research  and  Development  Center,  Carderock,  Md.  and  now,  the  Academy's 
magnificent  new  towing  tank  will  further  expand  our  ability  to  develop  more  naval 
officers  in  the  tradition  of  Admiral  Taylor.  They,  with  the  civilian  scientists  and 
engineers,  will  solve  the  hydrodynamic  problems  Inherent  in  ship  design. 

And  it  is  this  ability  to  delve  into  the  unknown  and  glean  understanding  that  I 
wish  to  con  Ider  for  a few  moments.  The  unglamorous  word  for  this  scientific  Inquiry 
is  research.  We  engineers  understand  all  too  well  that  serendipity  alone  accounts  for 
very  few  scientific  advances.  Most  development  results  from  prolonged,  often 
exhaustive.  Investigation.  And  in  today's  world,  that  means  money  — lots  of  It! 

Throughout  my  27-year  career  I have  become  increasingly  impressed  with  the 
necessity  for  a more  equitably  organized  approach  to  research.  And,  for  tonight's 
consideration,  let's  limit  ourselves  to  research.  I don't  wish  to  be  overly  dramatic, 
but  the  future  viability  of  our  Naval  Fleet  is  at  stake.  That  viability,  however,  may 
be  in  question  today  with  the  apparent  funding  disparity  afforded  naval  surface  ship 
development  In  light  of  the  burgeoning  technology  in  all  other  area. 

Let's  consider  these  disparities  of  the  R&D  process  more  closely  and  then  suggest 
possible  improvements. 

In  Fiscal  Year  1976  vehicle  exploratory  development  (less  machinery  and  propulsion 
systems)  for  Air  Force,  Army  and  Navy  aircraft  received  a total  of  S75  million.  The 
Navy,  on  the  other  hand,  received  only  $20  million  for  all  ship  exploratory  development 
and  that  Includes  surface  ships,  submarines,  advanced  ships  and  amphibious  ships.  In 
other  words,  military  aircraft  received  nearly  four  times  as  many  exploratory  RAD 
dollars  as  naval  ships.  If  we  broaden  our  view  of  these  exploratory  development  funds 
and  also  include  industry,  NASA,  Maritime  Administration  and  the  Coast  Guard,  In  1976 
approximately  10  times  as  much  money  was  spent  on  aircraft  as  on  ship  RAD  of  an 
exploratory  nature. 

The  climate  for  surface  ship  RAD  is  not  improving.  In  Fiscal  Year  1976  only 
slightly  more  than  2.2%  (or  $75  million)  of  the  total  Navy  RAD  budget  of  $3.3  billion 
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was  designated  for  surface  ship  platforms,  excluding  ship  design.  This  trend  continued 
through  the  three-month  transition.  However,  In  Fiscal  Year  * 77  there  has  been  a 
noticeable  decrease  In  surface  ship  R&D  to  the  extent  that  It  Is  now  only  slightly  more 
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billion. 


Since  tonight  we  are  concerned  especially  with  hydrodynamics  research,  I was 
appalled  to  learn  that  In  Fiscal  Year  1977  there  was  only  $354  thousand  — out  of  those 
several  billions  — specifically  devoted  to  seakeeping  R&D  efforts  In  support  of 
surface  ship  design.  And  I understand  that  R&D  funding  for  this  Important  work  will  be 
reduced  In  Fiscal  Year  1978.  Does  this  mean  that  we  know  everything  we  need  to  know 
about  seakeeping  In  naval  ship  design?  Of  course.  It  does  not.  It  reflects  rather 
poorly  on  our  own  short  sightedness.  Because  what  could  be  more  central  to  our  Navy 
than  the  ability  to  sail  and  fight  Independent  of  sea  state? 

In  discussing  these  dollar  comparisons.  It  1&&1mportant  to  keep  In  mind  that  ships 
and  submarines  do  not  have  a strong  Industrial  tedpiology  base  as  aircraft  have  because 
warships  bear  little  or  no  resemblance  to  their  commercial  cousins,  and  the  technolog- 
ical transfer  is  slight.  It  Is  for  this  reason  that  It  Is  incumbent  on  the  Navy  to 
maintain  a strong  In-house  technology  base  for  ships  and,  as  I stated  earlier,  that 
takes  money! 

Loosening  the  pursestrings  of  surface  ship  R&D,  however,  will  not  help  us  much  If 
we  do  not  Improve  our  basic  approaches  to  R&D.  So,  within  the  short  amount  of  time 
remaining,  let's  consider  now  at  least  five  suggestions  for  Improving  surface  ship  R&D 
with  particular  emphasis  on  ship  hydrodynamics. 

The  first  suggestion  for  Improved  surface  ship  R&D  Is.  Better  Coordination, 
cooperation  and  communication  among  Navy  policy  makers,  researchers,  designers,  and 
ship  forces  In  establishing  R&D  priorities.  In  this  regard,  these  Individuals  should 
give  equal  consideration  to  solving  the  many  technical  problems  In  designing  surface 
ships  as  to  developing  aircraft,  submarines,  and  the  more  exciting  advanced  or  high 
performance  ships  such  as  hydrofoils,  air  cushion  vehicles,  surface-effect-ships,  and 
swath  ships. 

If  each  program  does  not  receive  appropriate  priority,  long-term  consequences  may 
occur.  This  may  be  happening  today  with  surface  ship  R&D,  unlike  that  for  advanced 
ship  and  submarine  R&D.  For  example,  the  Navy  Is  undertaking  a major  product  Improve- 
ment program  for  the  fin  stabilizer  system  for  the  guided  missile  frigate,  (FFG-7  Class), 
but  it  .will  be  funded  with  ship  construction  dollars,  not  R&D  money,  and  It  will  be 
tailored  necessarily  to  the  FFG-7  Class.  As  a result,  extensive  model  testing  to 
Investigate  the  cavitation  characteristics  of  various  fin  shapes  could  not  be  accom- 
plished under  the  FFG-7  program,  even  though  this  Information  would  be  extremely 
valuable  to  our  overall  technical  data  base.  This  approach  of  trying  to  accomplish 
such  developmental  efforts  on  a piece-meal  fashion  as  part  of  a ship  acquisition  pro- 
gram should  not  be  continued  because  scheduling  and,  at  times,  funding  constraints  of 
ship  construction  programs  preclude  adequate  scope  and  depth  of  the  required  develop- 
mental work. 

Until  adequate  R&D  funding  Is  obtained,  the  operational  effectiveness  of  the  U.  S. 
Navy's  surface  ships  will  continue  to  be  compromised  by  many  design  deficiencies 
related  to  the  hydrodynamic  aspects  of  ship  performance. 

With  all  the  advantages  of  our  modem  day  computer  technology,  uncompensated  ship 
motion  represents  the  single  largest  error  factor  remaining  In  the  surface  ship  gunfire 
problem  today.  These  and  other  deficiencies,  In  many  cases,  have  resulted  In  ships 
which  either  fall  to  meet  performance  requirements,  or  which  are  unnecessarily  larger 
are  more  costly,  both  to  acquire  and  to  operate.  For  example  despite  considerable 
progress  in  theoretical  treatments  of  ship  resistance  problems,  the  naval  ship  designer 
still  uses  Taylor  standard  series  data  In  the  early  stages  prior  to  model  tests.  What 


the  designer  needs  are  analytical  methods  to  predict  accurately  the  effects  of  various 
hull  form  parameters  on  hull  resistance,  particularly  for  the  higher  beam-to-draft 
ratios  of  today's  naval  ship  designs.  These  analytical  methods  must  be  validated  with 
extensive  models  and  full  scale  testing.  A specific  challenge  for  the  experimental 
researcher  will  be  to  develop  new  experimental  techniques  for  predicting  appendage 


Another  hydrodynamic  design  problem  Is  that  methods  for  predicting  hull-propulsor 
interactions,  that  Is,  thrust  deduction  and  wake  fraction,  are  based  largely  on 
historical,  empirical  data.  However,  the  ship  designer  again  needs  more  analytical 
methods  to  determine  the  effects  of  changes  to  the  underwater  hull  form  and  appendages 
so  that  he  can  investigate  refinements  to  alternative  designs  and  ascertain  their 
Impact  on  hydrodynamic  performance. 

A third  unresolved  deficiency  In  hydrodynamic-related  design  is  the  lack  of 
adequate  analytical  methods  to  predict  the  loads  associated  with  slauming  and  wave-slap. 
This  lack  of  knowledge  in  sea  loading  could  adversely  affect  the  ability  of  the  local 
structure  to  withstand  high  sea  states,  a critical  situation  which  already  has,  in  the 
past,  resulted  In  serious  structural  damage  to  flight  deck  sponsons.  Deck-edge 
elevators,  and  other  structures  exposed  to  the  sea. 

For  Instance,  during  recent  feasibility  studies  of  a V/stol  cruiser,  it  was 
Impossible  to  ensure  that  the  flight  deck  sponsons  would  not  be  subject  to  unacceptable 
slamming  loads.  This  uncertainty  resulted  In  a three-month  delay  in  the  development  of 
the  concept,  and  In  the  time-frame  of  today's  navy  ship  construction  program,  such  a 
delay  may  force  an  option  to  be  discarded  because  the  technical  uncertainties  cannot 
be  resolved  before  a decision  must  be  made. 

In  addition  to  the  three  deficiencies  already  discussed,  I briefly  would  like  to 
mention  four  more  research  areas  where  the  hydrodynamicsts  can  contribute  to  improving 
ship  design.  These  are:  (1)  developing  analytical  and  experimental  techniques  to 
predict  speed  and  power  In  waves;  (2)  developing  analytical  and  experimental  techniques 
to  assist  In  investigating  dynamic  station  keeping.  Including  modeling  of  ship  control 
In  waves;  (3)  performing  additional  ship-model  correlation  tests,  including  the 
effects  of  fouling  on  ship  performance,  and  (4)  developing  analytical  and  experimental 
techniques  to  assess  alternative  design  arrangements  of  the  hull,  propeller,  rudder, 
and  other  appendages  — with  special  emphasis  placed  on  propeller  tip  clearance  and 
location  of  the  rudder  with  respect  to  the  propeller. 

Let  us  now  return  to  n\y  five  basic  suggestions  for  Improving  ship  RAD.  In  addition 
to  better  coordination  In  establishing  priorities,  there  should  be  more  pooling  together 
of  resources  among  the  engineering  community  as  we  are  doing  this  week.  By  doing  so, 
researchers,  designers,  operating  forces,  government  agencies.  Industry  and  englneerina 
societies  will  profit  by  each  other's  findings. 

i Already,  we  ship  designers  have  applied  newly-developed  computer  programs  for 
defining  hull  lines  to  reduce  significantly  the  time  required  to  fabricate  fiberglass 
ship  models.  In  addition  we  have  extended  this  transfer  of  knowledge  a bit  further  by 
using  new  computer-aided  design  methods  to  construct  wooden  models.  Also,  we  are  using 
computer  and  data  acquisition  technology  to  Improve  the  timeliness  In  processing  test 
data.  By  continuing  to  adopt  such  Improvements,  the  ship  designer  and  the  experimental 
researcher  will  be  able  to  obtain  results  from  model  tests  to  map  out  research  strategies 
and  coordinate  challenging  RAD  efforts.  This  Is  happening  with  the  reorganization  of 
the  Naval  Sea  Systems  Comnand  Hydromechanics  Committee,  and  the  Seakeeping  Workshop, 
held  at  the  Naval  Academy  In  1975.  The  objective  of  that  workshop  was  to  develop  a 
seakeeping  RAD  program  and,  as  a result,  significant  contributions  have  been  made  to 
our  ship  design  capabilities  despite  meager  funding  for  this  program. 

The  fourth  suggestion  for  Improving  surface  ship  RAD  Is  sharpening  the  long-range 
vision  of  the  ship  designer  so  that  he  or  she  can  look  ahead  and  predict  15  years  hence 
what  our  ships  will  require.  This  ability  Is  required  because  It  now  takes  that  long 
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for  a ship  or  weapon  system  to  evolve  from  conceptual  design  to  operational  readiness. 


As  the  navy's  ship  design  activity,  the  Naval  Ship  Engineering  Center  must  ensure 
that  Its  engineers  exhibit  that  sense  of  vision  so  that  they,  more  than  anyone  else, 

\ know  the  long-range  needs  of  naval  ships.  By  exhibiting  this  sense  of  vision,  NAVSEC 

will  retain  Its  ship  design  expertise  and  avoid  the  pitfalls  of  Inadequate  or 
Inaccurate  design  work,  the  most  serious  consequence  of  which  may  be  the  significant 
costs  associated  with  changes  to  operational  equipment  after  the  ship  has  been  designed. 

Post-construction  fixes  recently  associated  with  our  Inability  to  predict 
cavitation  performance  reliably  during  the  design  of  propellers  for  recent  ship  designs 
are  examples  of  how  significant  costs  may  be  associated  with  equipment  changes  after 
the  ship  has  been  designed. 

This  shortfall  In  design  technology  must  be  addressed  not  only  for  propeller 
design,  but  also  for  the  design  of  high  speed  surface  combatants  which  can  more 
effectively  use  their  sonar  at  higher  speeds. 

Having  a continuing  educational  program  available  to  sharpen  further  the  engineer's 
design  vision  Is  the  fifth  and  my  last  suggestion  for  Improving  surface  ship  R&D. 

Such  a curriculum  is  being  implemented  now  In  the  Naval  Sea  Systems  Comnand  and  In  the 
Naval  Ship  Engineering  Center  to  supplement  an  existing  training  program.  Already,  the 
existing  program  has  enabled  NAVSEC  to  send  several  of  its  engineers  to  graduate  school 
to  specialize  or  obtain  a broader  background  In  ship  hydrodynamics. 

This  Intensification  of  professional  education,  geared  to  the  special  needs  of  the 
command,  will  improve  the  transfer  of  research  technology  Into  the  ship  design  process 
and  ensure  that  NAVSEC  retains  its  ship  design  expertise. 

This  evening  I have  attempted  to  touch  on  the  Importance  of  surface  ship  R&D,  the 
funding  disparity  In  ship  R&D  compared  to  other  Navy  R&D  programs,  the  adverse  effects 
on  surface  ship  design  capability  because  of  that  disparity,  and  hew  the  present  R&D 
processes  might  be  improved.  Although  my  comnents  by  no  means  address  the  subject 
entirely,  let  alone  the  specific  area  of  ship  hydrodynamics  R&D,  perhaps  they  will  form 
a basis  on  which  later  discussion  might  follow  so  that  remedies  will  be  forthcoming. 
These  remedies  must  Include  not  only  additional  funding  but  the  technical  contributions 
of  the  scientific  community  gathered  here  tonight. 

In  the  meantime,  let  us  continue  to  push  forward,  keeping  In  mind  that  our  ability 
to  make  ou."  naval  ships  effective  is  the  basis  on  which  our  fleet  and  our  nation  will 
judge  us. 


I appreciate  having  the  opportunity  to  address  you  this  evening. 
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AIMS  AND  ORGANIZATION  OF  THE  AMERICAN  T0WIN6  TANK  CONFERENCE 


The  American  Towing  Tank  Conference  Is  a voluntary  association  of  establishments 
having  a responsibility  In  the  prediction  of  hydromechanic  performance  of  ships  and 
other  waterborne  craft  and  their  appendages  from  tests  on  scaled  models. 

The  objective  of  the  Conference  Is  to  promote  exchange  of  knowledge  between  tank 
staffs  for  the  purpose  of  Improving  methods  and  techniques.  This  Includes  an  exchange 
of  knowledge  on  the  design  of  facilities,  equipment  and  Instrumentation,  on  experimental 
and  construction  techniques,  and  on  scaling  laws.  As  a means  to  this  end,  the  Conference 
seeks  to  correlate  testing  among  the  various  member  establishments  In  order  to  facil- 
itate the  Interpretation  of  experience,  and  to  Issue  standards. 

The  Conference  seeks  to  attain  Its  objective  by  holding  formal  meetings  trlennlally 
and  through  the  encouragement  of  Informal  working  relationship  among  the  member 
establishments. 

Membership  In  the  Conference  Is  by  establishment  and  Is  open,  upon  Invitation,  to 
all  establishments  In  the  western  hemisphere.  All  the  member  establishments  agree  to 
the  free  and  full  exchange  of  all  Information  on  the  foregoing  subjects  which  Is  neither 
proprietary  nor  of  a classified  military  nature.  (To  that  end  mutual  agreements  on 
exchange  of  publications  and  data  of  Interest  will  be  entered  Into.) 

The  members  or  delegates  will  be  persons  holding  positions  of  primary  responsibil- 
ity In  Towing  Tanks  or  Water  Tunnels,  Shipbuilding  Research  Associations  or  Departments 
of  Naval  Archltecure  of  a University  In  which  prominence  Is  given  to  the  subjects 
pertaining  to  the  objects  of  the  Conference.  A few  delegates  can  be  Invited  who  were 
not  qualified  as  above  but  who  have  rendered  services  to  the  aim  of  Conference,  as  well 
as  observers. 

The  Conferences  assembles  from  time  to  time  In  different  countries  of  the  American 
Continent.  Since  1938  It  has  assembled  at  three-year  Intervals. 

The  details  of  organization  of  any  particular  Conference  Is  the  responsibility  of 
the  host  country. 

The  Conference  Is  a purely  communicative  body;  It  has  no  authority  of  financial 
sponsorship;  its  membership  Is  voluntary  and  self-supporting. 

Each  establishment  may  be  represented  by  one  or  more  members  at  triennial  formal 
meetings  of  the  Conference. 

Although  representation  Is  not  limited.  It  Is  the  Intent  that  It  be  kept  reasonably 
small  so  that  fruitful  discussions  can  be  obtained  at  the  working  level.  The  Conference 
Intends  to  meet  formally  at  each  of  the  member  establishments  In  rotation,  the  sequence 
being  decided  by  the  membership. 

The  scope  of  the  Conference  is  set  by  the  Executive  Committee,  based  on  the 
reconnendatlons  of  the  previous  general  meetings. 

The  Executive  Committee  shall  comprise  the  nominated  representatives  of  the 
Institutions  at  which  the  last  three  conferences  were  held  plus  Chairman  of  the 
S.N.A.M.E.  Hydrodynamics  Committee,  plus  the  representative  of  the  Institution  at  which 
the  next  Conference  Is  to  be  held. 

In  the  event  that  the  Chairman  of  the  Hydrodynamics  of  S.N.A.M.E.  does  not  serve  as 
a member  of  the  Executive  Committee  of  the  A.T.T.C.,  the  Executive  Committee  may  Invite 
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another  official  to  serve  on  the  Executive  Committee. 

If  a member  of  the  Executive  Conmlttee  resigns,  a replacement  shall  be  selected  by 
his  Institution. 


Also  the  American  representative  on  the  I.T.T.C.  Standing  Committee  shall,  ex- 
officio,  be  a member  of  the  A.T.T.C.  Executive  Committee. 

The  A.T.T.C.  membership  of  the  Standing  Committee  of  the  I.T.T.C.  will  be  rotated. 
The  representative  will  normally  serve  through  two  I.T.T.C.  Conferences. 

The  A.T.T.C.  representative  on  the  I.T.T.C.  Standing  Committee  shall: 

a.  hold  a senior  position  in  a model  basin; 

b.  be  acquainted  with  the  operation  of  the  I.T.T.C.; 

c.  have  means  for  financing  attendance  at  an  annual  meeting  of  the  I.T.T.C. 

Executive  Committee. 

A newly  appointed  A.T.T.C.  representative  on  the  I.T.T.C.  Standing  Conmlttee  shall 
take  office  after  the  I.T.T.C.  Conference  subsequent  to  the  A.T.T.C.  Conference  at  which 
he  Is  appointed. 

Tha  Chairman  of  the  Executive  Conmlttee  shall  be  the  nominated  representative  of 
the  Institution  at  which  the  next  Conference  Is  to  be,  viz,  he  Is  the  Chairman  of  the 
next  Conference. 

The  Secretary  of  the  A.T.T.C.  shall  be  any  person  so  nominated  by  the  Conference 
Chairman. 


The  Executive  Conmlttee  shall  appoint  Chairman  of  such  Technical  Committees  as  are 
felt  necessary  for  the  effective  conduct  of  the  Conference. 

The  Chairman  of  such  Technical  Committees  will  appoint  such  persons  as  they 
consider  necessary  for  the  effective  conduct  of  such  Conmlttees,  and  further  will  be 
responsible  for  the  production  of  the  State-of-the-Art  reports  and  the  soliciting  of 
papers  to  be  presented  to  the  Conference. 

The  accepted  reports  by  the  staff  of  the  Conference  are  discussed  In  the  Technical 
Sessions  during  the  meetings,  first  formally  and  then  informally.  To  this  end,  those 
reports  are  previously  forwarded,  well  In  advance  of  the  dates  of  the  Conference,  to 
the  Chairman  of  the  Conference  Organizing  Committee,  who  arranges  for  copies  to  be 
transmitted  to  each  member.  The  same  applies  to  the  formal  contributions  which  any 
member  may  make  to  the  Conference.  If  the  Chairman  of  the  Technical  Committee  considers 
that  any  contribution  Is  unacceptable  to  be  concerned,  as  the  object  of  the  Conference, 
he  should  reject  It. 

The  Chairman  of  each  Technical  Session,  In  association  with  the  Chairman  of  the 
Technical  Committee  concerned,  formulate  decisions  and  recommendations  arising  from 
the  Session.  The  decisions  and  recommendations  will  then  be  considered  and  agreed 
upon  at  the  concluding  Session  of  the  Conference. 

The  Chairman  of  the  Conference  Organizing  Committee  will  arrange  for  the  publica- 
tion of  the  Proceedings  of  the  Conference. 

The  venue  of  the  next  Conference  Is  subject  to  the  Invitation  of  an  Institution, 
and  such  Invitation  shall  be  accepted  by  the  Executive  Committee  after  a vote  of  the 
delegates  present  at  the  Business  Meeting. 
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MEETINGS  OF  THE  AMERICAN  TOWING  TANK  CONFERENCE 


1st 

14  - 15  April  1938 

Experimental  Towing  Tank 

Hoboken,  New  Jersey 

2nd 

19  - 20  September  1939 

1st  day  - Receiving  Ship  Building 

Navy  Yard,  Washington 

2nd  day  - David  Taylor  Model  Basin 

3rd 

14th  November  1940 

Waldorf  Astoria,  New  York,  N.  Y. 

4th 

14th  November  1941 

Waldrof  Astoria,  New  York,  N.  Y. 

5th 

29  - 30  September  1943 

David  Taylor  Model  Basin 

6th 

12  - 13  November  1946 

Experimental  Towing  Tank 

Hoboken,  New  Jersey 

7th 

7-8  October  1947 

Newport  News  Shipbuilding  & Dry  Dock  Co 
Newport  News,  Va. 

8th 

11  - 13  October  1948 

University  of  Michigan, 

Ann  Arbor,  Michigan 

9th 

11  - 14  September  1950 

National  Research  Council  of  Canada 
Ottawa,  Canada 

10th 

4 - 6 May  1953 

Massachusetts  Institute  of  Technology, 
Canbrldge,  Mass. 

11th 

12  - 14  September  1956 

David  Taylor  Model  Basin 

Washington,  D.  C. 

12th 

31  Aug  - 2 Sep  1959 

University  of  California, 

Berkeley,  California 

13th 

5-7  September  1962 

University  of  Michigan, 

Ann  Arbor,  Michigan 

14th 

9-11  September  1965 

Webb  Institute  of  Naval  Architecture, 
Glen  Cove,  N.  Y. 

15th 

25  - 28  June  1968 

National  Research  Council  of  Canada, 
Ottawa,  Canada 

16th 

9-13  August  1971 

Instltuto  de  Pesqulsas  Tecnologlcas 

Sao  Paulo,  Brazil 

17th 

18  - 20  June  1974 

California  Institute  of  Technology 

Naval  Undersea  Center 

Pasadena,  California 

18th 

23  - 25  August  1977 

U.  S.  Naval  Academy 

Annapolis,  Maryland 

18th 

AMERICAN  TOWING  TANK  CONFERENCE 
Annapolis,  Maryland  USA 


REPORT  OF 

RESISTANCE  AND  FLOW 
COMMITTEE 


August  1977 

United  States  Naval  Academy 


REPORT  OF  RESISTANCE  AND  FLOW  COMMITTEE 


The  report  of  the  Resistance  and  Flow  Committee  is  dedicated  to  the  memory  of 
Roger  Brard,  who,  for  many  years,  was  Chairman  of  the  Resistance  Committee  of  the 
International  Towing  Tank  Conference.  Under  his  leadership,  the  Committee  actively 
monitored  and  reported  on  progress  in  the  various  aspects  of  the  determination  and 
prediction  of  ship  resistance,  a field  to  which  he  applied  his  unusual  mathematical 
talents  to  make  major  personal  contributions.  As  a former  towing- tank  director,  he 
was  interested  in  all  aspects  of  ship  hydrodynamics,  and  especially  contributed  to 
the  theory  of  ship  maneuverability . He  will  be  missed  by  the  ship  hydrodynamic 
fraternity,  which  has  lost  one  of  its  brightest  stars. 

Because  the  Committee  has  not  met  prior  to  the  present  conference,  and  state- 
of-the-art  reports  and  other  contributions  were  not  submitted  in  advance,  it  has  not 
been  possible  to  prepare  a Committee  report.  As  a basis  for  discussion,  the  Chairman 
proposes  the  following  recommendations: 

1.  Towing  tanks  should  acquire  equipment  and  adopt  techniques  for  determining 
viscous  resistance  by  means  of  wake  surveys  and  wave  resistance  by  means  of 
wave-pattern  measurements.  The  effect  of  tank  seiche  on  the  wake- survey  and 
wave-pattern  measurements  should  be  considered. 

2.  The  effects  of  the  boundary  layer  and  wake  on  the  wave  resistance  deter- 
mined from  wave-pattern  measurements  should  be  investigated. 

3.  Measurements  of  the  pressure  distribution  and  the  three-dimensional 
boundary  layer  on  a ship  model  and  on  full  scale  at  various  Froude  numbers 
should  be  undertaken.  Several  sets  of  such  model  measurements  at  "zero" 

Froude  number  are  already  available.  The  results  should  be  compared  with 
predictions  from  three-dimensional  boundary- layer  theory. 

4.  Separation  of  flow  is  a much  more  complex  phenomenon  in  a three-dimensional 
boundary  layer  than  on  a two-dimensional  or  axi  symmetric  one.  An  experimental 
investigation  is  needed  to  identify  regions  of  separation  along  a hull,  and 
the  effects  of  Reynolds  number. 

5.  There  has  recently  been  considerable  progress  in  the  development  of  higher- 
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SHIP  BOUNDARY- LAYER  RESEARCH  SINCE  ABOUT  1974s 
A PROGRESS  REPORT 
by 

Justin  H.  McCarthy 

David  W.  Taylor  Naval  Ship  Research  t Development  Center 
INTRODUCTION 

This  survey  briefly  reviews  progress  in  ship  boundary-layer  research,  both 
theoretical/computational  and  experimental,  since  about  1974.  The  review  covers 
the  following  topic  areass  laminar  boundary-layer  Instability  and  transition; 
ax i symmetric  boundary  layers;  equivalent  bodies  of  revolution;  three-dimensional 
ship  boundary  layers;  and  one  paper  on  flat-plate  boundary  layers.  Except  for 
the  brief  section  on  stability  and  transition,  only  turbulent  boundary  layers, 
on  smooth  surfaces,  are  discussed.  The  very  complex  problem  of  turbulent  flow 
separation*  on  ship  sterns,  bilge  and  shoulder  vortices,  and  the  interaction  between 
surface-ship  wave  making  and  boundary-layer  development  are  only  mentioned  in 
passing.  Drag  reduction  by  polymer  additives  or  compliant  coatings  is  not  discussei. 

While  major  efforts  have  been  expended  on  boundary-layer  research  over  the 
past  several  years,  and  significant  progress  has  been  made,  totally  reliable  methods 
are  not  yet  available  for  computing  the  thick  boundary  layers  which  exist  on  the 
afterbodies  of  either  axlsymmetric  or  three-dimensional  hulls.  Thus,  solutions 
of  the  crucial  problems  of  predicting  ship  form  drag  and  propeller  inflow  velocities, 
at  both  model  and  full-scale  Reynolds  numbers,  remain  to  be  completed.  Successful 
solution  of  the  stern  flow  problem  will  require  more  experimental  data,  to  provide 
the  empirical  information  needed  to  evaluate  boundary-layer  theory,  and  development 
of  more  advanced  computational  methods  to  treat  the  complex  interaction  of  the 
stern  boundary  layer  with  the  outer  potential  flow. 


LAMINAR  BOUNDARY-LAYER  INSTABILITY  AND  TRANSITION 
Methods  for  computing  the  stability  ot  general  three-dimensional  laminar 
boundary  layers  are  not  available.  However,  since  1973,  largely-unpubllshed 
major  effects,  mostly  in  the  United  States,  have  been  undertaken  to  develop  and 


experimentally  evaluate  methods  for  the  prediction  of  laminar-flow  boundary-layer 

*Flow  separation  on  two-  and  three-dimensional  bodies  is  treated  at  length  in  numersui 

PU£ll8?e«  in  A?ARD  Conf#renc*  Proceedings  No.  168,  the  proceedings  of  a Fluil 
Dynamics  Panel  Symposium  held  in  Gottingen  during  May  1975. 


instability  and  transition  to  turbulent  flow  on  axisymamtric  bodies.  This  work 
has  been  Motivated  mainly  by  a desire  to  develop  techniques  for  the  design  of 
low-drag  underwater  bodies  which  maximise  the  extent  of  laminar  flow  by  slowing 
the  growth  rate  of  boundary-layer  instabilities  through  careful  choice  of  body 
shape  and/or  use  of  surface  heating.  Reshotko  (1976)  and  Berger  and  Aroesty  (1977) 
give  general  reviews  of  the  current  state-of-knowledge  on  boundary-layer  stability 
and  transition.  The  basic  problem  of  quantitatively  and  fundamentally  coupling 
the  growth  of  boundary-layer  instabilities  with  the  transition  process  remains 
unsolved  and  must  be  treated  empirically.  In  the  absence  of  significant  external 
disturbances,  e.g.,  ambient  turbulence  and  surface  roughness,  the  most  reliable 
predictions  of  the  initial  growth  of  laminar  boundary-layer  instabilities,  on 
two-dimensional  or  axisyametric  bodies,  have  been  obtained  from  numerical  solutions 
of  the  Orr-Sommerfeld  equations  for  linear  stability,  following  the  computational 
prescriptions  laid  down  by  Smith  and  Gamberoni  (1956)  and  Wazzan,  Okamura  and 
Smith  (1968).  Within  this  framework,  Kosekoff,  Ko  and  Merkle  (1976)  have  proposed 
accounting  for  the  global  effects  of  distributed  surface  roughness  through  an 
enhanced  viscosity  in  the  laminar  boundary-layer  momentum  equations;  the  added 
viscosity  prodcues  distorted  mean  velocity  profiles  which  tend  to  destabilise 
the  boundary  layer.  The  coupling  between  ambient  free-stream  turbulence  and  boundary- 
layer  instabilities  is  poorly  understood. 

Fluctuating  surface  shear  stresses  and/or  pressures  in  regions  of  flow  transition 

on  axisyametric  bodies  have  been  experimentally  investigated  by  Arakerl  (1975), 

McCarthy,  Power,  and  Huang  (1976)  and  Huang  and  Hannan  (1976).  For  relatively 

fine,  convex  bodies  undergoing  natural  flow  transition,  in  the  absence  of  laminar 

separation  or  turbulence  stimulators,  hot-film  and  microphone  data  indicate  that 

the  frequency  bands  of  the  most,  unstable  Tollmein-Schlichting  waves  are  satisfactorily 

predicted  by  linear  stability  theory.  McCarthy,  et  al  (1976)  found  that  measured 

locations  of  natural  flow  transition  on  relatively  fine  forebodies  correlated 

well  with  computed  disturbance  amplification  ratios,  A/A  , of  e11,  where  A is 

o o 

the  initial  disturbance  amplitude  at  the  location  of  neutral  stability.  Subsequent 

expeciMnts  by  Power  (1977)  on  models  having  relatively  blunt  bows  revealed  that 

natural  transition  occurred  at  significantly  lower  values  of  A/A  , down  to  about 
6 ° 
e . Thus,  transition  is  not  uniquely  correlated  with  a single  value  of  amplification 

ratio  computed  from  linear  stability  theory,  but  depends  on  body  shape  as  well 

as  other  factors.  In  the  case  of  axisyametric  bodies  which  experience  laminar 


separation,  its  occurrence  and  location  were  accurately  predicted  by  the  Curle- 
Skan  modified-Thwaites  pressure-gradient  criterion.  The  experimental  data  showed 
that  the  extent  of  the  separation  bubble  over  which  transition  to  turbulent  flow 
occurred  was  very  short  at  body-diameter  Reynolds  numbers  of  about  106. 


from  a ■tankary*  standpoint  the  bo at  important  findings  of  the  investigations 
of  McCarthy,  Power,  and  Huang  (1976)  and  Power  (1977)  were  the  quite  far  aft  locations 
of  transition  on  untripped  axisyanetric  bodies,  in  soae  cases  about  10-percent 
of  sodel  length,  even  at  aodel  length  Reynolds  nuabers  as  high  as  4xl07.  In  soae 
<iat«-analysls  aethods,  it  is  assuaed  that  the  parasitic  drag  of  a turbulence  trip, 
normally  located  at  5-percent  of  aodel  length,  can  be  closely  estlaated  as  the 
difference  between  the  aeasured  values  of  aodel  resistance  with  and  without  the 
trip  installed,  at  the  highest  aodel  speeds  investigated.  In  cases  where  natural 
tranaltlon  on  the  saooth  body  occurs  further  aft  than  the  trip  location,  stiaulator 
drag  will  be  overestlaated  and  the  residual  (or  fora)  drag  of  the  hull  can  be 
seriously  underpredicted.  For  competing  forebody  shapes  the  relative  drags  can 
also  be  aispredicted  because  of  different  extents  of  laainar  flow.  A data  analysis 
aethod  to  avoid  this  problem  on  ax i symmetric  bodies  is  proposed  in  the  paper  by 
McCarthy,  et  al. 


AXISYMMETRIC  BOUNDARY  LAYERS 

Considerable  progress  has  been  aade  since  1974  towards  developing  Improved 
analytical  aethods  for  predicting  turbulent  boundary  layers  on  bodies  of  revolution. 
Significant  gains,  both  theoretlcal/coaputatlonal  and  experlaental,  have  taken 
place  in  the  understanding  and  modeling  of  the  thick  boundary  layers  which  occur 
on  axisyaaetrlc  sterns.  For  cases  in  which  flow  separation  does  not  occur,  a 
number  of  promising  new  aethods  are  now  available  for  computing  stern  flows  and 
body  drag  at  both  aodel  and  full-scale  Reynolds  nuabers.  However,  further  verification 
of  the  aethods  is  required  and  the  problem  of  separated  stern  flow  still  remains 
to  be  solved.  The  aost  recent  attempt  to  analyse  axisymmetric  afterbody  separation 
appears  to  be  due  to  Press  and  Pitkin  (1974,  1976) . 


On  the  experlaental  side,  extensive  new  aodel  stern  pressure,  shear  stress 
and  velocity  data  have  been  obtained  by  Patel,  Nakayama  and  Damian  (1974)  for 
a prolate  spheroid  having  a conical  tail;  by  Huang,  Wang,  Santelll  and  Groves 
(1976)  for  three  sterns  of  increasing  fullness,  two  convex  and  one  inflected, 
the  latter  having  separation  at  the  shoulder;  and  by  Patel,  Lee  and  Guven  (1977) 
for  a laainar-flow  body  having  a cusped  tail.  Related  experimental  data  for  the 
thick  boundary  layer  on  a long  circular  cylinder  are  given  by  Afsal  and  Singh 
(1976) . All  of  these  new  data  have  proven  extremely  valuable  for  motivating  and 
evaluating  new  boundary-layer  prediction  methods.  The  experimental  investigations 
have  shown  that  the  tail  pressure  distribution  is  the  result  of  a complex  interaction 
of  the  thick  boundary  layer  with  the  outer  potential  flow.  The  experimental  data 
Pstel  and  his  coworkers  show  that  transverse  pressure  gradients  across  the 
boundary  layer,  and  longitudinal  and  transverse  curvature  effects,  are  important 
factors  when  computing  stern  boundary-layer  development.  Thus,  conventional  thin- 
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boundary- layer  theory  ie  not  adequate  for  treating  the  tail  flow  on  bodies  of 
revolution. 

The  initial  experimental  data  described  above  led  Patel  (1974)  and  Granville 
(1975b)  to  develop  simple  integral-entrainment  methods  for  calculation  of  the 
velocity-profile  shape  parameter  of  thick  boundary  layers.  Both  works  neglected 
normal  stress  effects  and  employed  an  axisyametric  form  of  Head's  entrainment 
equation;  Patel  used  a simple  power-law  family  of  velocity  profiles  and  Granville 
used  the  velocity  similarity  laws  to  cover  a range  of  Reynolds  numbers.  Patel  recommended 
that  experimental  values  of  tail  pressure  distribution  be  used  to  account  for 
the  transverse  pressure  change  across  the  boundary  layer.  Subsequently,  Nakayama, 

Patel  and  Landweber  (1976)  devised  an  iterative  method  for  computing  the  interaction 
between  the  exterior  potential  flow  and  the  interior  boundary-layer/wake  flow 
subject  to  the  condition  that  the  velocity  remains  continuous  across  the  outer 
edge  of  the  boundary  layer  and  wake.  The  additional  pressure  and  curvature  terms 
that  appear  in  the  momentum-integral  equation  for  the  thick  boundary  layer  and 
near  wake  were  retained  and  the  pressures  on  the  body  surface  and  the  edge  of 
the  boundary  layer  and  wake  were  iteratively  computed.  Agreement  between  computed 
and  measured  body  surface  pressures  was  shown  to  be  good  for  the  two  bodies  considered; 
the  pressure  coefficients  along  the  outer  edge  of  the  boundary  layer  and  wake 
were  over-predicted  in  the  tail  region.  Body  drags  were  over-predicted  by  5- 
to  10-percent. 

A second  theoretical/numerical  method  to  cope  with  thick  boundary  layers 
has  recently  been  proposed  by  Dyne  (1977) . In  this  "streamline  curvature"  method, 
thin-boundary-layer  theory  is  used  to  compute  boundary-layer  velocity  profiles 
forward  of  some  point  on  the  stern;  by  extrapolation,  tail  streamlines  which  satisfy 
continuity  are  then  constructed.  The  momentum  equations  are  subsequently  iteratively 
satisfied  both  along  and  across  streamlines,  beginning  with  the  assumptions  that 
the  transverse  pressure  gradient  is  simply  related  to  the  longitudinal  velocity 
and  curvature  along  a streamline,  and  that  total  head,  is  preserved  along  streamlines. 

In  principal  the  method  appears  to  embody  the  generality  of  the  method  developed 
by  Nakayama,  Patel  and  Landweber  (1976),  although  the  iterative  approach  is  different. 

In  each  case  agreement  between  theoretical  and  measured  pressure  distributions 
is  about  the  same.  Computed  boundary-layer  velocity  profiles  by  Dyne's  method 
are  in  good  agreement  with  experimental  data  for  the  one  case  considered.  More 
stringent  tests  of  the  methods  proposed  by  both  Nakayaam,  et  al  and  Dyne  are  required 
for  non-separating  sterna  having  low  length/diameter  ratios. 

Still  another  method,  developed  by  Huang,  et  al  (1976,  1977),  short-circuits 
the  complex  thick -boundary-layer , transverae-pressure-gradlent  problem  by  iteratively 
computing  pressures  on  the  boundary-layer  displacement  - thickness  surface,  and 
its  extension  into  the  wake,  in  a manner  similar  to  that  proposed  by  Myring  (1972, 
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1976).  Huang's  work  includes  treatment  of  propeller  - induction  effects  on  stern 
boundary-layer  development  and  provides  a rational  method  for  theoretically  computing 
the  change  from  the  nominal  wake  distribution  to  the  effective  wake  distribution 
experienced  by  a propeller  at  both  model  and  full-scale  Reynolds  numbers.  The 
basic  boundary-layer  computations  employ  a simple  modification  of  the  differential/sddy- 
viscosity  approach  of  Cebeci  and  Smith  (1974) . In  the  modification,  the  thin- 
boundary-layer calculations  are  assumed  accurate  only  up  to  about  95-percent  of 
body  length;  far-field  wake  characteristics,  which  depend  on  total  drag,  are  marched 
upstream  to  about  5-percent  of  body  length  downstream  of  the  body.  A quintic 
polynomial  with  adjustable  coefficients  is  then  used  to  represent  the  displacement 
thickness  in  the  stern/near -wake  region,  and  the  final  stern  pressure  distribution 
is  iteratively  computed  starting  with  the  body  potential-flow  pressure  distribution 
and  an  estimated  body  drag.  Agreement  between  computed  and  measured  pressure, 
shear  stress,  and  velocity  distributions  is  shown  to  be  good  for  a relatively 
fine  stern,  similar  to  the  sterns  studied  by  Patel  and  Dyne.  For  two  fuller  sterns, 
the  fullest,  having  shoulder  separation,  agreement  between  theory  and  experiment 
was  not  good.  However,  the  location  of  flow  separation  (zero  shear  stress)  on 
the  fullest  stern  was  accurately  predicted. 

Several  comparisons  of  theoretical  thin-boundary-layer  predictions  of  axisynmetric 
body  drag  with  model  experimental  data  have  appeared  since  1973.  Nakayama  and 
Patel  (1973)  used  Granville's  form  of  the  Squire-Young  formula  to  compute  values 
of  drag  on  the  hull  up  to  successively  further  aft  stations  on  the  stern.  The 
predicted  drag  was  simply  taken  to  be  the  maximum  of  the  .values  computed  along 

■tern,  thereby  crudely  accounting  for  the  thick-boundary-layer  pressure  defect 
on  the  stern.  Drag  predictions  were  in  good  agreement  with  most  of  Gertler's 
(1950)  experimental  drag  data  for  Series  58  models.  Hess  (1976)  concluded  that 
a version  of  the  simple  integral  drag  formula  of  Granville  (1953,  1974) , evaluated 
in  the  same  "maximum-drag"  manner  as  above,  gave  as  good  or  better  drag  predictions 
for  selected  Series  58  models  than  the  elaborate  thin-boundary-layer  differential 
method  of  Cebeci  and  Smith  (1974).  White  (1977)  subsequently  concluded,  from 
a comparison  with  experimental  drag  data  for  about  50  models,  including  Series 
58,  that  the  simple  drag  formula  tended  to  over-predict  drag  and  was  not  generally 
reliable  for  predicting  the  order  of  merit  of  competing  hull  shapes.  Kerney  and 
White  (1975),  using  an  updated  version  of  Granville's  (1953)  thin -boundary- layer 
momentum-integral  approach,  also  found  that  drags  tended  to  be  over-predicted. 

It  is  worth  noting  that  care  must  be  exercised  when  making  comparisons  between 
theory  and  experiment  because  some  drag  data,  such  as  drag  data  for  the  Series 
58  models,  may  suffer  from  the  effects  of  significant  (and  variable)  lengths  of 
laminar  flow  on  the  bow  (see  McCarthy,  Power,  and  Huang  (1976)).  in  some  cases 
theoretical  methods  may  only  appear  to  over-predict  drag. 
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BQUIVALBIT  BODIES  OP  REVOLUTION 

Because  of  the  difficulties  associated  with  computation  of  fully  three-dimensional 
boundary-layer  flows,  it  has  been  suggested  that  an  "equivalent  body-of -revolution" 
representation  of  a ship  night  yield  satisfactory  predictions  of  ship  friction 
and  forn  drags  when  evaluating  competing  hull  forms.  Granville  (1973,  1975a), 
and  more  recently  Garcia  and  Zarzurco  (1976) , have  further  proposed  that  partial 
forn  factors  for  ship  models  be  deduced  from  boundary-layer  theory  using  an  "equivalent 
body-of-revolution"  approach  to  analyze  the  drag  data  rather  than  the  traditional 
"constant  form-drag*  approach  of  Froude.  Granville  argues,  from  physical  reasoning, 
that  the  equivalent  body-of-revolution  to  be  used  to  compute  pressure  distribution 
should  have  the  same  longitudinal  distribution  of  cross-sectional  area  as  a reflex 
model  of  the  ship;  boundary-layer  development  is  then  to  be  calculated  for  an 
equivalent  body-of-revolution  having  the  reflex  model's  longitudinal  distribution 
of  wetted  area.  Nakayama,  Patel,  and  Landweber  (1974)  found  that  either  definition 
of  the  equivalent  body  of  revolution,  in  the  case  of  LUCY  ASHTON,  results  in  nearly 
the  same  drag  predictions.  Limited  support  of  the  notion  that  form  drag  depends 
only  on  the  gross  characteristics  of  a ship  may  be  derived  from  the  experiments 
of  Grim  and  Blume  (1975)  on  two  hulls  having  different  beams  and  bilge  radii  but 
the  same  distributions  of  sectional  area.  Evaluation  of  their  drag  data  using 
the  Hughes-Prohaska  extrapolation  method  showed  both  hulls  to  have  nearly  the 
same  values  of  form  factor.  Matheson  and  Joubert  (1974)  and  Joubert,  Sinclair 
and  Hoffman  (1977)  have  shown  experimentally  that  equivalent  bodies  of  revolution 
having  the  same  surface  area  distributions  as  reflex  models  of  LUCY  ASHTON  and 
a block  coefficient  0.80  tanker  do  not  provide  good  representations  of  the  longitudinal 
distributions  of  average  hull  shear  stress  or  pressure.  In  cases  where  three- 
dimensional  bilge  or  shoulder  vortices  and  stern  flow  separation  occur,  the  equivalent 
body-of-revolution  approach  is  unlikely  to  be  very  useful.  Because  of  its  intrinsic 
simplicity,  however,  additional  work  should  be  conducted  to  further  evaluate  the 
equivalent-body-of-revolution  approach  for  predicting  ship  drag.  A much  larger 
family  of  hull  types  than  heretofore  considered  should  be  evaluated,  with  emphasis 
on  hulls  not  having  significant  flow  separation.  Perhaps  an  equivalent  body  of 
revolution  defined  to  have  the  reflex  model's  longitudinal  distribution  of  girthwise- 
mean  potential-flow  pressure  would  produce  better  results.  Adoption  of  thick- 
boundary-layer methods  to  calculate  the  stern  boundary-layer  might  also  be  helpful 
in  some  cases,  yielding  better  predictions  of  drag  and  perhaps  reasonable  estimates 
of  the  circumferential-mean  nominal  wake  profiles  at  the  propeller  plane. 

THREE-DIMENSIONAL  SHIP  BOUNDARY  LAYERS 

In  a 1975  review  of  three-dimensional  boundary-layer  theory,  Bichelbrenner 
concluded  that  the  only  available  computational  methods  were  integral  methods  which 
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relied  on  too  many  simplifying  assumptions  to  be  reliable,  and  that  extensive 
new  experimental  research  was  essential  for  further  progress.  Since  1975  there 
has  been  a great  Increase  in  the  amount  of  research  on  external  three-dimensional 
turbulent  boundary  layers,  both  theoretical/computational  and  experimental.  Several 
additional  ship  model  boundary-layer  experiments  have  been  conducted  thereby  providing 
an  expanded  data  base  for  evaluation  of  theoretical  computations.  Unfortunately, 
despite  improvements  in  theoretical/computational  methods,  by  both  integral  and 
differential  approaches,  the  pressure,  shear  stress  and  velocity  distributions 
on  ship  sterns  can  not  be  accurately  and  reliably  computed;  only  the  relatlvely- 
thin  boundary-layer  flow  forward  of  the  stern  can  be  satisfactorily  predicted. 

Problems  can  also  arise  in  the  bow  region  if  strong  crossflows  or  bilge  vortices 
occur.  As  in  the  case  of  axisymmetric  bodies,  the  stern  difficulties  result  from 
inadequate  treatment  of  the  complex  interaction  between  the  thick  stern  boundary 
layer  and  the  outer  potential  flow;  this  is  true  even  in  cases  where  bilge  or 
shoulder  vortices  are  not  present  and  significant  stern  flow  separation  does  not 
occur.  Another  difficulty  when  performing  calculations  arises  from  the  problem 
of  how  and  where  to  specify  the  initial  and  boundary  conditions,  either  theoretically 
or  experimentally,  when  commencing  the  turbulent  boundary-layer  confutations. 

The  further  problem  of  specifying  a ship's  potential-flow  pressure  distribution 
in  the  presence  of  a free  surface  is  also  not  yet  solved  and  will  not  be  addressed 
here,  except  to  mention  that  Vollheim  (1975a) , Himeno  (1976) , and  Adee  (1976)  have 
recently  proposed  approaches  to  the  problem  of  boundary-layer/wave  interaction. 

Among  numerous  recently-published  review  articles  and  books  dealing,  at  least 
in  part,  with  external  three-dimensional  boundary  layers,  the  following  should 
be  mentioned:  the  survey  of  integral  calculation  methods  for  ships  by  Kux  (1974) , 
the  summary  of  ship  boundary-layer  research  in  Japan  by  Kitagawa  (1975) , the  review 
of  alternative  theoretical  closure  models  for  boundary-layer  equations  by  Reynolds 
(1976) , the  summary  of  recent  computational  advances  by  Nash  and  Patel  (1977) ; 
and  two  books  dealing  with  various  aspects  of  turbulent  boundary  layers  by  Cebeci 
and  Smith  (1974)  and  Bradshaw,  et  al  (1976) . Tani  (1977)  gives  an  interesting 
history  of  boundary-layer  theory.  Fannelop  and  Krogstad  (1975)  provide  a valuable 
summary  of  23  papers  presented  at  the  Euromech  60  Colloquium  held  in  Trondheim 
on  external  three-dimensional  turbulent  boundary  layers.  Most  of  the  new  computational 
methods  presented  were  based  on  finite-difference  numerical  approaches  and  designed 
to  exploit  the  capabilities  of  high-speed  digital  computers.  The  majority  of 
the  contributions  focused  on  the  crossflow  problem  of  swept  wings,  although  some 
ship-model  boundary-layer  data  were  presented.  Competitive  calculations  (the 
■Trondheim  Trials")  were  made  by  three  integral  and  six  differential  methods  for 
a set  of  seven  test  problems.  In  some  cases  displacement  thickness  effects  were 
theoretically  estimated  or  experimental  pressure  distributions  employed.  The 


results  showed  soae  large  discrepancies  between  predictions  given  by  the  different 
Methods,  the  location  of  turbulent  flow  separation  being  particularly  difficult 
to  predict. 

Lars son  (1976)  summarises  Most  of  the  experiMental  data  on  ship/model 
boundary  layers  obtained  prior  to  1974.  Since  then  important  additional  data 
have  been  obtained  on  double  Models  of  ship  hulls  in  wind  tunnels  at  length  Reynolds 
numbers  on  the  order  of  3-7x10®.  Measurements  of  surface  pressures  and  velocity 
profiles  on  double-hull  Models  are  given  by  Hauke  (1975)  and  Vollhein  (1975b)  for 
a block  coefficient  0.80  hull,  and  by  Larsson  (1976)  for  a block  coefficient  0.675 
cargo  liner.  Shear  stress,  in  addition  to  pressure  and  velocity,  distributions 
were  Measured  by  Sachdeva  and  Preston  (1976)  for  a full-fora  tanker  Model  Mounted 
on  a ground-board,  and  by  Boffman  (1976)  for  a double-model  of  a block  coefficient 
0.85  bulk  carrier.  In  these  experiments  pressures  were  obtained  froa  surface 
pressure  taps,  velocities  froa  either  3-  or  5-hole  pitot  tubes  or  hot  wires,  and 
shear  stresses  froa  Preston  tubes.  The  quality  of  the  data  appears  to  be  excellent 
and,  as  well  be  seen  below,  the  data  has  served  as  a basis  for  evaluation  of  boundary- 
layer  prediction  methods.  As  could  be  expected,  in  all  cases  cited  for  which 
computations  were  performed,  measured  stern  pressures  were  lower  than  pressures 
computed  on  the  hull  surface  by  potential-flow  theory  over  roughly  the  last  5- 
percent  of  ship  length. 

Of  special  interest  are  the  series  of  boundary- layer  velocity  measurements 
of  Namimatsu  and  Muraoka  (1974)  in  the  stern  region  forward  of  the  propeller  of 
RYUKO  MARU,  a block  coefficient  0.83  ship,  and  two  scale  models.  The  full-scale 
ship  is  300m  long  and  the  models  are  30  m and  7 a long.  The  principal  conclusions 
of  this  work  were  that  the  stern  boundary  layer  was  significantly  thinner  at  full 
scale  than  at  model  scale,  and  bilge  vortices  originating  in  the  vicinity  of  station 
2 were  present  at  all  scales.  Wind-tunnel  velocity  surveys  and  pressure  and  shear 
stress  measurements,  with  and  without  a propeller  operating,  have  recently  been 
conducted  on  a 3 m model  of  RYUKO  MARU  by  Scragg  (1977) . Additional  stern  boundary- 
layer  velocity  distributions  have  been  reported  by  Tanaka,  Susuki  and  Himeno  (1977) 
for  2m,  4m,  7m,  and  10  m geoslms  of  a high-speed  container  ship.  Por  this  range 
of  model  sizes  the  measured  change  in  boundary-layer  velocity  profiles  was  significint. 

A number  of  momentum-integral  computational  methods  have  been  proposed  since 
1974.  Larsson  (1975)  has  developed  a method  which  uses  a streamline  coordinate 
system,  the  Bess-Smith  method  to  compute  potential-flow  pressures.  Read's  entrainment 
equation,  Michel's  crossflow  profile  and,  initially,  a small  crossflow  approximation 
which  decouples  the  streamwise  and  transverse  momentum  equations.  This  approach 
to  the  boundary-layer  calculations  is  similar  to  that  proposed  by  von  Rercsek 
(1973) , except  that  Larsson  did  consider  second-order  corrections  by  iteratively 
Introducing  the  displacement  surface  for  stern  pressure  calculations  and  relaxing 
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the  Mall -crocs flow  approx last Ion.  In  tha  stern  region  theoretically-computed 
distributions  of  shear  stress,  momentum  thickness  and  crossflow  angle,  with  or 
without  corrections,  did  not  agree  well  with  Larsson's  (1976)  experimental  data 
for  a block  coefficient  0.675  cargo  liner  model.  Comparisons  with  Larsson's  data 
are  about  the  same  for  predictions  made  using  a small-crossflow  integral  method 
developed  by  Tanaka  and  Himeno  (1975).  Tanaka,  Susukl  and  Blmeno  (1977)  have 
reported  similar  poor  agreement  between  stern  flows  msasured  on  models  of  a block 
coefficient  0.80  tanker  and  a 0.57  container  ship  and  predicted  by  both  the  integral 
methods  of  Himeno  and  Tanaka  (1975)  and  Okuno  (1976).  The  latter  method  alloys 
the  small  crossflow  approximation  and  Hager  profiles,  as  used  by  von  Kerczek  (1973). 
Sachdeva  and  Preston  (1975,  1976)  have  developed  an  integral  method  which  uses- 
a non -or thogonal  curvilinear  coordinate  system,  Gadd's  potential-flow  computation 
method,  and  Mager/Johnston  crossflow  profiles.  Predicted  girthwise  distributions 
of  shear  stress,  moswntum  thickness  and  shape  factor  were  not  in  good  agreement 
with  experimental  model  data  for  two  ships.  Finally,  it  should  be  mentioned  that 
Hatano,  Mori,  Fukashima  and  Yamasaki  (1975)  have  proposed  a method  which  appears 
to  compute  boundary-layer  velocity  profiles  and  separation  from  a surface-vorticlty 
representation  of  the  hull  boundary  layer. 

Finite-difference  methods  of  solution  of  the  three-dimensional  boundary-layer 
equations  have  been  proposed  by  Cebeci,  Kaups  and  Ramsey  (1975)  and  Chang  and 
Patel  (1975) . Both  methods  employ  orthogonal  curvilinear  coordinate  systems, 
the  former  choosing  streamlines  as  a coordinate  and  the  latter  choosing  the  intersection 
of  the  hull  by  transverse  vertical  planes  as  a coordinate.  In  each  method  Reynolds 
stresses  are  related  to  the  mean-velocity  field  through  an  eddy-viscosity  model. 

Neither  method  attempts  to  compute  viscous  corrections  to  potential-flow  pressure 
distributions,  and  Cebeci' s method  adopts  the  small  crossflow  approximation.  Chang 
and  Patel  compute  boundary  layers  on  an  ellipsoid  and  a double  elliptic  hull  for 
which  experimental  data  are  not  available.  Cebeci  obtains  good  agreement  between 
computations  and  experiment  in  the  case  of  infinite  swept  wings.  In  the  case 
of  Larsson's  (1976)  reflex  ship-model  data,  agreement  between  predictions  of  the 
Cebeci  theory  and  experiment  is  no  better  in  the  stern  region  than  was  the  case 
for  integral  methods;  forward  of  the  stern  agreement  was  good,  as  was  the  case 
for  integral  methods.  It  is  apparent  that  more  complex  computational  methods  must 
be  developed  to  predict  stern  boundary-layer  flows. 

FLAT  PLATE  BOUNDARY  LAYER 

Granville  (1975c)  has  derived  a new  frictional  drag— coefficient  formula  for 
turbulent  flow  on  flat  plates  at  low  values  of  Reynolds  number.  The  derivation 
proceeds  form  the  traditionally-assumed  overlap  of  the  inner  and  outer  velocity- 
similarity  laws  except  that  at  low  Reynolds  numbers  the  velocity  defect  in  the 
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outer  portion  of  the  boundary  layar  ia  assumed  to  depend  on  viscosity  as  well 
as  the  usual  variables.  The  law  of  the  wall  remains  unchanged,  whereas  the  outer 
law  becomes 


- A In  y/$  ♦ B,(0  ) , 

T 

where  B2  is  a velocity-defect  factor  which  varies  with  0-0/ uT  at  low  Reynolds 
nuaberst  at  high  Reynolds  numbers  Bj  is  a constant.  Integration  of  the  momentum 
equation  and  an  empirical  fit  of  B2(o  ) led  to  the  frictional  drag  coefficient 
formula. 
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where  a*0.0776,  b-1.88,  and  c-60.  This  formula  is  a generalisation  of  the  form 
of  the  ITTC  - 1957  correlation  line  which  has  a*0.075,  b-2 , and  c-0.  Granville's 
proposed  formula  is  in  good  agreement  with  the  ITTC  - 1957  correlation  line  at 


At  high  values  of  Rr  the  Granville,  ITTC,  and  Schoenherr  lines 


low  values  of  Rx 

are  all  in  good  agreement.  Thus,  it  appears  that  the  ITTC  - 1957  model/ship  friction 
correlation  line  can  also  be  considered  a flat-plate  line  resulting  from  a low- 
Reynolds  number  modification  of  the  same  velocity  similarity  laws  which  can  be 
used  to  derive  the  Schoenherr  line  for  flat  plates. 
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WAVE  RESISTANCE 


by 

John  V.  Wehausen 

University  of  California,  Berkeley 

There  has  been  a remarkable  amount  of  activity  in  the  field  of 
wave  resistance  during  the  last  two  or  three  years.  Much  of  this  acti- 
vity was  concentrated  in  the  International  Seminar  on  Wave  Resistance 
held  in  Tokyo  and  Osaka  during  February  3-9,  1976.  Another  smaller  con- 
centration of  activity  was  in  the  First  International  Conference  on 
Numerical  Ship  Hydrodynamics,  held  in  Gaithersburg,  Md. , during  October 
20-22,  1975.  The  Proceedings  of  both  meetings  have  already  been  pub- 
lished. The  existence  of  these  Proceedings  makes  my  task  easier  in  some 
respects  but  perhaps  more  difficult  in  others,  as  will  be  explained 
below. 

The  preparation  of  a bibliography  for  wave  resistance  is  made  much 
easier  by  the  existence  of  the  Proceedings  of  the  Tokyo-Osaka  Seminar. 

As  an  Appendix  (pp.  15-18)  to  his  Introductory  Remarks,  T.  Inui  has  pro- 
vided a list  of  all  papers  on  wave  resistance  published  in  Japan  from 
January  1963  to  June  1975.  As  a complement  to  Inui's  list  I prepared  for 
approximately  the  same  period  a list  of  papers  on  wave  resistance  pub- 
lished elsewhere  (pp.  18-29) . Consequently,  it  seems  necessary  only  to 
supplement  these  two  lists  by  papers  that  were  overlooked  or  have  appear- 
ed since  that  time.  The  bibliography  following  this  report  attempts  to 
do  this. 

The  same  Proceedings  have  lightened  my  task  in  still  another  way. 
Pa.it  I consists  primarily  of  expository  accounts  of  the  present  status  of 
various  aspects  of  wave  resistance,  each  written  by  an  expert,  each  ac- 
companied by  an  ample  list  of  references  pertaining  to  the  subject  under 
discussion.  These  are  the  papers  in  the  attached  Bibliography  by  Newman, 
Bessho,  Ogilvie,  Baba,  Eggers,  Yokoo  and  Tanaka,  Jinnaka,  Tsutsumi  and 
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and  Ogiwara,  Gadd,  Inui  and  Kajitani,  Pien,  Nakamura,  and  Maruo.  It 
would  be  superfluous  to  add  further  expositions  to  these  already  avail- 
able ones. 


The  wealth  of  ideas  and  results  in  these  Proceedings  as  well  as  in 
the  many  papers  inspired  by  the  meetings  themselves  makes  it  very  diffi- 
cult to  provide  a succinct  account  of  developments  in  the  last  three  years. 
Instead  I shall  content  myself  with  a discussion  of  two  directions  of 
development  of  the  theory  that  seem  to  me  to  be  particularly  promising. 

The  first  of  these  is  the  low-Froude-number  expansion  of  the  wave 
resistance.  For  those  who  haven't  thought  much  about  this,  a warning  is 
in  order.  A first  reaction  is  to  ask  why  one  should  bother  with  such  an 
approximation,  for  everyone  knows  that  wave  resistance  is  of  no  signifi- 
cance at  low  Froude  numbers.  However,  such  a reaction  tacitly  defines 
the  word  "low"  as  a value  for  which  the  wave  resistance  is  insignificant, 
say  Fn  < 0.1  for  normal  ship  forms.  The  situation  is  analogous  to  the 

A 

use  of  the  word  "thin"  in  the  thin-ship  approximation.  There  too,  there 
have  been  frequent  objections  that  this  approximation  could  not  possibly 
be  useful  because  it  required  a ship  shaped  like  a knife  edge.  In  both 
cases  the  useful  range  of  values  has  to  be  determined  by  comparison  with 
values  obtained  by  experiment,  mathematical  estimates  being  apparently 
beyond  our  powers.  In  the  case  of  the  thin  ship, nature  has  not  been 
kind;  ships  to  which  the  approximation  may  be  usefully  applied  really  are 
thinner  than  normal  ones.  The  situation  with  the  low-Froude-number  ap- 
proximation appears  to  be  different.  The  comparisons  available  up  to 
now  appear  to  be  very  promising,  even  for  ships  with  relatively  large 
block  coefficients  and  at  Froude  numbers  appropriate  to  the  block  coef- 
ficent. 

The  first  serious  attempt  to  develop  a low-Froude-number  expansion 
appeared  in  a report  by  Ogilvie  [Wave  resistance:  the  low  speed  limit, 
Univ.  of  Mich.,  Dept,  of  Naval  Arch.  Mar.  Engrg.,  No.  002  (Aug.  1968), 
iii  + 29pp.].  The  treatment  was  two-dimensional  and  the  body  was 
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Why  do  the  investigations  of  Baba  and  of  Inui  and  Kajitani  seem 
especially  promising?  The  reason  is  primarily  pragmatic.  Baba  has  com- 
pared calculated  values  with  results  of  model  tests.  Particularly  im- 
pressive are  some  comparisons  to  be  shown  at  the  Second  International 
Conference  on  Numerical  Ship  Hydrodynamics  in  which  calculations  and 
tests  have  been  made  for  conventional  hull  forms  with  block  coefficients 
CD  = 0.56,  0.74,  0.78  and  0.86.  Inui  and  Kajitani  have  made  calculations 
for  three  Inuids  of  B/L  = 0.765,  0.1275  and  0.1545,  Cg  = 0.455,  0.430, 
0.451.  For  all  three  they  compare  measured  values  with  those  predicted 
by  Baba's  approximation;  for  the  last  they  show  a further  comparison  with 
values  calculated  according  to  their  modification  of  Baba's  procedure. 
This  figure  is  reproduced  here.  The  agreement  seems  remarkably  good  up 
to  Fn  = 0.30.  I don't  wish  to  leave  the  impression  that  the  problem  of 
calculating  wave  resistance  for  practical  Froude  numbers  can  be  consider- 
ed nearly  solved.  Indeed,  sinkage  has  not  been  taken  into  account,  but 
yet  plays  an  important  role  for  full  ships.  And  Baba's  own  calculations 
show  a much  better  agreement  with  measured  values,  even  for  a hull  with 
Cn  = 0.444,  than  is  indicated  by  the  displayed  figure.  Such  discrepan- 
cies  are  still  to  be  explained.  However,  the  results  seem  so  much  better 
than  can  be  obtained  from  Michell's  integral,  especially  for  full  forms, 
that  some  optimism  seems  justified.  Other  papers  on  the  low-Froude- 
number  approximation  will  be  found  in  the  Bibliography. 

The  other  promising  direction  is  the  development  of  mapping  methods 
Interest  in  such  methods  was  apparently  aroused  by  papers  by  Emerson 
[Trans.  Roy.  Inst.  Naval  Arch.  109  (1967),  241-281]  and  Gadd  [ibid.  115 
(1973),  377-392]  that  showed  that  a mapping  proposed  by  Guilloton  [Bull. 
Ass.  Tech.  Mar.  Adron.  64  (1969),  538-574]  resulted  in  calculated  values 
for  the  wave  resistance  that  appeared  to  be  in  much  better  accord  with 
measured  values  than  those  given  by  Michell’s  integral.  Guilloton' s 
procedure  uses  Michell’s  integral  but  maps  the  originally  given  hull  into 
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a new  one  determined  by  the  Michell  potential.  The  Michell  resistance 
is  then  applied  to  this  new  hull. 

Because  Guilloton's  ideas  were  based  upon  physical  intuition 
rather  than  a systematic  approximation  scheme,  this  success  was  an  immed- 
iate challenge  to  try  to  provide  a foundation.  This  was  done  independ- 
ently by  Noblesse  [J.  Ship  Res.  1£  (1975),  140-148]  and  G.  Dagan  [ibid., 
149-154].  An  independent  mapping  approach  by  the  author  [ibid.,l_3  (1969), 
12-22]  led  to  a mapping  based  upon  first-order  streamlines  rather  than 
isobars  as  in  Guilloton.  Calculations  based  upon  this  method  have  been 
made  by  Hong  (1977)  and  compared  with  Guilloton's  method  and  experiment. 
On  balance,  Guilloton's  method  seems  to  give  a better  approximation. 

The  most  recent  systematic  development  of  the  mapping  method  is  in  a 
paper  by  Noblesse  and  Dagan  (1976) . In  spite  of  the  promise  of  such 
methods,  there  are  as  yet  no  calculated  values  for  the  improvements  upon 
Guilloton's  mapping  suggested  in  these  papers.  Presumably  these  will 
come. 
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STILL  WATER  RESISTANCE  OF  SINGLE-STEP  PLANING  HULL 

BY 

CHUN-TSUNG  WANG 

INSTITUTE  OF  NAVAL  ARCHITECTURE,  NTU 

INTRODUCTION 

Figure  1 shows  the  separation  and  reattachment  phenomenon  of  a single  step  planing  hull.  At  planing, 
the  forebody  of  the  hull  carries  most  of  the  loading.  Due  to  the  relative  large  aspect  ratio  of  the  forebody, 
the  lift  coefficient  is  increased.  At  the  same  time,  frictional  resistance  is  trimmed  due  to  the  relative  small  wetted 
surface  after  flow  separation.  Based  on  Shuford’s  equations  (1958),  Clement  and  Pope  (1961)  introduced 
method  to  select  suitable  step  position.  From  lifting  coefficient  equation 


“LS 
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0.02741  At 
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cosJ  t ( 1 - sin  0 ) + 4/3  sin1  r cos*  r cos  0 


where  CLL  is  lifting  line  term,  CLC  is  cross  flow  term,  A is  aspect  ratio,  0 is  deadrise  angle  at  midsiiip,  and 
r is  trim  angle. 

The  center  of  pressure  location,  lp,  measured  from  aft  end  of  planing  surface  is 
£r  0.875  Ctt  + 0.50  C u: 
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where  lm  is  mean  wetted  length. 

The  relationship  between  drag  and  lifting  force  is 

where  Cf  is  Schoenherr  turbulent  friction  coefficient 
0.242 
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and 


v Cl s A cos  t cos  p 

v is  the  kinematic  viscosity,  & is  tne  boat  load,  V,  is  the  mean  velocity  over  bottom  of  planing  surface,  V is  the 
horizontal  velocity  of  planing  surface.  Assuming  that  the  forebody  carries  90%  of  boat  load  at  fully  planing 
range,  Clement  and  Pope  were  able  to  obtain  suitable  step  position  at  given  design  speed. 

It  is  always  desired  to  know  resistance  and  trim  characteristics  of  a single  step  planing  hull  besides  step 
position.  The  purpose  of  the  president  paper  is  thus  to  study  the  still  water  resistance  characteristics  of 
a single  step  planing  hull  both  analytically  and  experimentally,  considering  the  variation  of  step  positions, 
step  heights,  L.  C.  G.  positions  and  loadings. 

ANALYTICAL  APPROACH 

Assuming  that  the  forebody  of  a single  step  planing  hull  carries  Y portion  of  the  dynamic  component  of 
the  lift  (at  fully  planing,  Y=l),  and  utilizing  the  hydrodynamic  results  presented  by  Savitsky  (1964),  the 
governing  equations  for  a single  step  planing  hull  at  planing  could  be  formulated  (Wang  & Lu,  1976)  as  fol- 
io wes: 

The  lift  coefficient  of  a deadrise  surface  is 

Ct»  "vipVb»~*CLO  ~ 00065  gCLO  06 

where  lifting  coefficient  of  a flat  plate  is 

CLO  = r"  I — 0.01 2 (X  - --)0  5 + 0.0055  (X  - Xh  )j'5/Cvj] 

Y b 

cli  X 

and  X is  the  mean  wetted  length-beam  ratio,  Xh  = when  x > ch,  Xh  * 7-  when  x < ch,  and  c is  obser- 

b b 

v 

ved  to  be  around  8,  Cv  = b is  the  maximum  beam  with  spray  strip  (Blound  and  Fox,  1976),  and  p is 

V5E- 

the  water  density.  The  center  of  pressure  location  is 

x x X— Ch  Y Xh 

q 0.01 2 (X  --  )° ■*  [(0.75-K).25  -,  ) Y+  ( I - Y)0.75(— — — )1  +0.005(  X-Xh  )j-s  — (1-— )/CvJ  1 
xp  b Xb  Ab  3 A 


Xb  X 

0.01 2(X-  - )as  + 0.0055  (X  - Xh  )*  5 Y/Cv* 
b 


When  x < ch,  flow  separated  from  the  step  and  reattachment  did  not  occur,  thus  Y*l.  In  general  lp  is 
close  to  L.  C.  G.  postion  and  they  arc  assumed  to  be  the  same  in  the  present  study. 

The  mean  velocity  over  the  bottom  of  planing  surface  is 


Vi  = V (1- 


0.012  (X-  *)05“- 0.0065  [ 0.012^  (X-^)°-*l06  05 
X cos  T 


with  given  A,  lp  (or  L.  C.  G.),  b,  0,  p,  v,  h and  x,  the  above  equations  could  be  used  to  solve  Randr 
of  a single  step  planing  hull  at  given  speed.  It  should  be  pointed  out  that  at  h=x=0  and  Y=l,  Le.  planing 
hull  without  step,  the  above  equations  are  identical  to  those  shown  by  Savitsky  (1964). 

EXPERIMENTAL  APPROACH 

The  basic  model  selected  for  the  present  study  is  that  of  series  62-4667-1  (Clement  and  Blount,  1963). 
Lines  with  a typical  step  are  shown  in  Fig.  2.  Model  length  is  3 ft  and  is  made  of  wood.  Spray  strip  is 
added  along  chine  line.  The  maximum  beam  with  spray  strip  is  0.75ft.  Deadrise  angle  at  midship  is  13°. 
0.04  in.  diameter  strip  wire  is  added  at  a position  3 in.  from  bow.  And  two  0.5  in.  diameter  tubes  open  to 
air  are  connected  to  the  step  position. 

Six  sets  of  model  test  with  different  step  positions,  step  hights  and  loadings  are  tested  (Wang  and  Lu, 
1976).  Drag  is  measured  by  a free-trim,  free-heaving  resistance  gauge  (Liu,  Wang  and  Hu,  1975),  while  trim 
and  heaving  are  measured  by  a mechanic  device  (Wang  et.  al.,  1972). 

RESULTS  AND  CONCLUSIONS 

For  a stepless  planing  hull,  Figure  3 shows  that  still  water  resistance  and  trim  results  obtained  analytically 

y 

and  experimentally  tend  to  confirm  with  each  other  at  fully  planing  range  (V  > 4 m/s  or  F = — > 3.25). 

* v7™ 

For  planing  hulls  with  single  step,  Figures  4 and  5 show  that  still  water  resistance  and  trim  data  check  with 
the  analytical  results  at  planing  range  for  step  conditions  x/Lp  = 29.25%,  h/Lp  = l%and  x/Lp  = 36%, 
h/Lp  = 2%. 

Figure  6 shows  analytical  relationships  between  drag-loading  ratio  and  F„  at  four  different  test  conditions. 
It  could  be  seen  that  at  fully  planing  range,  Say  F?  = 6,  trim  angle  increases  as  step  position  moves  forward, 
whereas  drag-loading  ratio  decreases.  But  at  relative  lower  planing  speed,  say  Fv=3.5>  drag-loading  ratio 
tends  to  be  small  at  x/Lp=22.5%.  These  conclusions  could  also  be  obtained  if  Cement  and  Pope’s  method  were 
used  to  select  suitable  step  positions  for  relative  lower  drag  at  different  given  speed. 
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A PREDICTION  METHOD  FOR  THE  VISCOUS  DRAG  OF  SHIPS  AND  UNDERWATER  BODIES 
WITH  SURFACE  ROUGHNESS  AND/OR  DRAG-REDUCING  POLYMER  SOLUTIONS 

by 

Paul  S.  Granville 

David  W.  Taylor  Naval  Ship  Research  and  Development  Center 


ABSTRACT 


The  viscous  drag  of  ships  and  of  underwater  bodies  including  two-dimensional 
foils  with  surface  roughness  and/or  drag-reducing  polymer  solutions  may  be  readily 
predicted  by  the  use  of  a proposed  form-factor  formula  derived  from  boundary- layer 
theory.  The  effect  of  shape  on  drag  is  supplied  by  the  form  factor  while  the  effect 
of  surface  roughness  and/or  drag-reducing  polymeT  solution  is  given  by  existing  flat- 
plate  formulas  which  are  summarized. 

INTRODUCTION 


The  viscous  drag  or  resistance  of  ships  and  of  underwater  bodies,  including  two- 
dimensional  foils,  with  surface  roughness  and/or  drag-reducing  polymer  solutions  may 
be  readily  predicted  by  form  factors  in  conjunction  with  a flat -plate  drag.  The  form 
factors  accommodate  only  the  effect  of  shape  while  the  flat -plate  drag  supplies  the 
remaining  effects  of  Reynolds  number,  surface  roughness  and/or  drag-reducing  polymer 
solutions.  The  use  of  form  factors  has  obvious  engineering  advantages  of  simplified 
calculations  and  of  indications  of  the  magnitude  of  the  effect  of  shape  on  viscous 
drag. 


Methods  exist  for  predicting  the  drag  of  flat  plates  with  roughness^  and/or  drag- 
2 

reducing  polymer  solutions  from  boundary- layer  similarity- law  characteristics.  There 
remains  the  problem  of  determining  suitable  form  factors. 

Analytical  relations  have  been  derived  for  form  factors  for  smooth  bodies  in 
ordinary  fluids  from  boundary- layer  theory  by  means  of  a local  skin-friction  relation 
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NOTATION 
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Boundary-layer  factor;  slope  of  inner  similarity  law  in  natural 
logarithms 

Cross-sectional  area  of  ship  hull  to  waterline 
Concentration  of  polymer  in  solution 
Flat -plate  drag  coefficient 
Viscous  drag  coefficient 

Concentration  of  polymer  at  wall  downstream  of  injection 
Viscous  drag  of  body 
Partial  form  factor 
Separation  form  factor 

Two-dimensional  shape  parameter  for  boundary- layer  velocity  profiles 
Axisymnetric  shape  parameter 

Drag  effect  due  to  nonuniform  polymer  concentration 
Characteristic  length  of  roughness 
Length  of  body 

Characteristic  polymer  length 

Constant  in  formula  for  local  skin  friction.  Equation  (9) 

Characteristic  polymer  mass 

Type  of  polymer  including  molecular  weight 

Perimeter  of  hull  cross  section  up  to  waterline 

Wake  factor 

Slope  of  linear  logarithmic  characterization  of  polymer  solution 

Type  of  roughness  configuration 

Reynolds  number 

Radius  of  body  of  revolution 

Radius  of  equivalent  body  of  revolution  based  on  cross-sectional  area 

Radius  of  equivalent  body  of  revolution  based  on  cross-sectional 
perimeter 

Wetted  surface  area  of  body 
Shape  of  body 

Characteristic  polymer  time 

Axial  distance  from  body 'nose 

Velocity' outside  of  boundary  layer 

Forward  speed  of  body 

Average  value  of  velocity  ratio  U/U«» 

Value  of  U/U*,  determined  from  cross-sectional  area  of  equivalent  body 
of  revolution  of  a ship  hull 

Shear  velocity 

Slope  of  meridian  contour  of  body  of  revolution 
Similarity-law  characterization 
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Deviation  of  (0700 

Constant  in  fonula  for  local  skin  friction.  Equation  (9) 
Average  value  of  4 

Two-dimensional  boundary- layer  momentum  thickness 
Kinematic  viscosity  of  fluid 
Density  of  fluid 
Shear  stress  at  wall 


Subscripts 


e 

i 

o 

r 

s 

sp 

u 


Tail  end  of  body 

Conditions  at  injection  slot  of  polymer  solution 
Inception  of  drag  reduction  by  polymer  solution 
Condition  of  fully-developed  roughness  flow 
Condition  of  hydraulic  smoothness 

Condition  of  special  formula  for  form  factor  of  smooth  surfaces 
Condition  of  universal  formula  for  form  factor 


for  smooth  surfaces  in  ordinary  flu  da.3’4  Such  form-factor  formulas  obviously  cannot 
apply  to  rough  surfaces  and/or  drag-reducing  polymer  solutions. 

Since  the  local  skin  friction  for  rough  surfaces  and/or  drag-reducing  polymer 
solutions  cannot  be  characterized  by  any  simple  relations,  the  expedient  of  an  average 
value  has  been  adopted  which  is  based  on  that  for  the  equivalent  flat  plate  itself. 
Formulas  for  form  factors  result  which  are  generally  applicable  even  for  smooth  sur- 
faces in  ordinary  fluids.  This  allows  a comparison  with  the  more  stringent  formula 
for  smooth  surfaces  in  ordinary  fluids  which  after  an  analysis  shows  only  a small 
difference. 

Form  factors  are  considered  for  bodies  of  revolution  in  axisynmetric  flow,  foT 
two-dimensional  symmetric  foils  at  zero  angle  of  attack  and  for  ship  hulls  by  means  of 
equivalent  bodies  of  revolution. 

To  complete  the  presentation,  existing  formulas  are  summarized  for  the  drag  of 
flat  plates  with  roughness  and/or  drag-reducing  polymer  solutions. 


FORM  FACTORS 


General 


For  a smooth  body  in  ordinary  fluids,  the  coefficient  of  viscous  drag  or  resist- 
ance C may  be  stated  as  a function  of  Reynolds  number  R^  and  shape  or 


and 


(1) 

r m 

" ifOiS 

R » 

V 

(3) 

where 

Dv  - viscous  drag  or  resistance 
U - forward  speed  of  body 
S - surface  area  of  body 
L « length  of  body 
f = density  of  fluid 
y « kinematic  viscosity  of  fluid 

For  smooth  streamlined  bodies  in  ordinary  fluids  (no  appreciable  flow  separation), 
the  viscous  drag  coefficient  C has  been  related  to  the  drag  coefficient  of  an  equiva- 
lent flat  plate  Cp  empirically^  and  theoretically6  by  means  of  a form  factor  f so 
that 


Cvis.41  ‘(•♦mi) 

Form  factor  f as  stated  does  not  vary  with  Reynolds  number  R^  but  only  with  body 
shape 


(4) 
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For  smooth,  non- streamlined  bodies  in  ordinary  fluids  (with  appreciable  flow 
separation) , the  Landweber  Hypothesis6  adds  an  additional  separation  form  factor  g to 
accommodate  the  added  pressure  drag  due  to  flow  separation  or 

c») 

Here  form  factor  f is  reduced  to  a partial  form  factor7  for  obvious  reasons.  Form 
factor  g also  is  not  considered  to  vary  with  Reynolds  number  but  only  with  body 
shape  1 . Dependence  on  Reynolds  number  has  been  then  transferred  to  an  equivalent 
flat  plate  which  is  defined  as  a plate  with  the  same  surface  area  and  length  as  the 
body  in  question.  An  ordinary  fluid  is  defined  as  one  without  drag-reducing  propert- 
ies. 

The  Landweber  Hypothesis6  was  proposed  for  the  extrapolation  of  the  viscous  drag 
of  ship  hulls  from  model  scale  to  full  scale.  It  is  a compromise  between  the  tradi- 
tional Froude  method  of  extrapolation  where  f * 0 and  the  Hughes  Hypothesis  that  con- 
siders g = 0.  It  is  reasonable  to  consider  the  Landweber  Hypothesis  as  originally 
stated  to  be  applicable  to  all  smooth  bodies  in  ordinary  fluids. 

The  concept  of  form  factors  is  now  to  be  extended  to  rough  bodies,  smooth  bodies 
in  drag-reducing  polymer  solutions,  and  rough  bodies  in  drag-reducing  polymer  solu- 
tions. Uniform  concentrations  of  polymer  solutions  and  nonuniform  concentrations 
from  injection  through  the  body  surface  are  included. 

For  the  general  analytical  consideration  to  follow,  injection  through  one  slot 
will  represent  the  condition  of  nonuniform  polymer  concentration.  Then  a rough  body 
with  injection  of  drag-reducing  polymer  solution  through  a slot  at  position  x.  may 
have  a viscous  drag  coefficient  with  the  following  functional  relationship 


where 

k 

a 

P 

C 


w.e 


CV  * 'K.p. 

* characteristic  length  of  roughness 
= roughness  configuration 

= type  of  drag-reducing  polymer  and  molecular  weight  distribution 
* wall  concentration  of  polymer  at  tail  end 


(6) 


As  stated  here,  a characteristic  length  JL  for  drag-reducing  polymers  may  be  substi- 
tuted for  characteristic  length  of  roughness  k.  Also,  a characteristic  time  t or 
characteristic  mass  m drag-reducing  polymers  may  be  substituted  for  characteristic 
length  Jl  such  that  „ j 


For  streamlined  bodies,  a form-factor  representation  is  proposed  as 


(7) 


(8) 


which  is  a generalization  of  that  for  saooth  surfaces  in  ordinary  fluids.  Equation  (4) 
For  non-streaalined  bodies,  it  is  proposed  that  the  Landweber  Hypothesis  be 
extended  to  rough  surfaces  and/or  drag-reducing  polyaer  solutions  such  that 

c[eMl,t ,« <(ut  Ul)Cfjcsk  („ 

which  is  a generalization  of  Equation  (5) . 

As  for  saooth  bodies  in  ordinary  fluids,  for*  factors  f and  g are  still  considered 
only  functions  of  body  shape.  All  other  paraaeter  functional  dependence  is  relegated 
to  flat-plate  drag  coefficients. 

Saooth  Bodies  in  Ordinary  Fluids 

A foraula  for  partial  fioza  factor  f has  been  derived^  for  saooth  bodies  in 
ordinary  fluids  from  the  boundary- layer  noaentua  equation  for  bodies  of  revolution  in 
axisyaaetric  flow.  A key  ingredient  is  a power-law  representation  for  local  skin 
friction  which  may  be  stated  as 

T„  3 /.  _ (io) 

po‘  (Ygf 


where 


Xw  ■ wall  shear  stress 
U ■ velocity  outside  boundary  layer 
0 » noaentua  thickness 
£ , - constants 

The  resulting  viscous-drag  coefficient  Cy  for  bodies  of  revolution  without  flow 


separation  is  given  by 


Cv  = 


m £ 


at  is  the  angle  between  the  tangent  to  the  meridian  contour  and  longitudinal 
axes 

h is  the  average  value  of  an  axisyaaetric  boundary-layer  shape  paraaeter 
x is  the  axial  distance  froa  the  nose  of  the  body  of  revolution, 
r is  the  radius  of  the  body  of  revolution 
q is  a constant 

e is  a subscript  denoting  conditions  at  the  tail  and 

An  equivalent  flat-plate  drag  coefficient  Cp  is  given  by  considering  (U/IJUO  equal  to 
unity  in  Equation  (11) 
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Horo  for  nonseparating  conditions 
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where  f is  the  partial  form  factor  for  bodies  of  revolution  in  axisyanetric  flow. 


Using  a ratio  of  Cy  and  Cp,  both  obtained  from  a power-law  relation  for  local 
skin  friction,  tends  to  minimize  any  deviations  arising  from  the  use  of  a simplified 
method.  The  reference  flat-plate  drag  formula  to  be  used  in  Equation  (4)  is  a more 
accurate  logarithmic  formula®  such  as 


C, 
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There  is  at  present  no  simple  analytical  method  for  determining  separation 
form  factor  g. 

For  two-dimensional  symmetric  foils,  at  zero  angle  of  attack  the  form 
factor  f is  given  by  Equation  (14)  after  r is  considered  constant  and  h » H,  a 
two-dimensional  shape  parameter, 
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For  ship  hulls,  an  equivalent  body  of  revolution  is  defined  with  two  radii,  rp, 
based  on  perimeter  and  rA  based  on  cross-section  area  or 


where 

p « perimeter  of  ship  hull  at  a station  to  the  water  line 
X ■ cross-sectional  area  of  a ship  hull  at  a station  to  the  water  line 

The  cross-sectional  area  radius  rfc  is  used  to  determine  the  longitudinal 
distribution  of  pressure  which  also  determines  (U/UJ^.  The  perimeter  radius 
rp  is  used  explicitly  in  the  formula  for  form  factor  such  that 


:c 


Values  of  m ■ 0.169  and  h ■ H ■ 1.4  are  recommended.  For  the  body  of 
revolution  q * 7 and  for  two-dimensional  foils  q » 1. 
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Rough  Bodies  and/or  Drag- Reducing  Polymer  Solutions 

As  shown  for  smooth  bodies  in  ordinary  fluids,  the  derivation  of  a partial  form 
factor  from  the  bowdary-layer  momentum  equation  depends  on  the  use  of  a local  skin 
friction  formula  as  a power-law  relation.  The  situation  for  rough  bodies  and/or 
drag-reducing  polymer  solutions  is  quite  different.  The  local  skin  friction 
coefficient  varies  not  only  with  local  Reynolds  number  but  with  a variety  of  other 
parameters  such  as  local  relative  roughness,  type  of  roughness,  type  of  drag-reducing 
polymer,  concentration,  etc.  There  is  no  simple  formulation,  (hie  way  out  of  the 
impasse  is  to  consider  an  average  local  skin-friction  coefficient  which  is  invariant 
along  the  boundary  layer  and  which  has  a value  commensurate  with  the  roughness  and/or 
drag-reducing  polymer  situation  in  question.  Such  a value  is  given  by  the  average 
local  skin  friction  of  an  equivalent  flat  plate  with  the  same  condition  of  roughness 
and/or  polymer  solution.  — 

If  an  average  of  local  skin-friction  coefficient  1*  represented  by  £ , 


* 


T 


As  formulated  her*,  the  partial  fora  factor  f is  a universal  fora  factor  which  in 
principle  also  applies  to  saooth  bodies  in  ordinary  fluids. 

FLAT-PLATE  DRAG  COEFFICIENTS  FOR  ROUGH  SURFACES  AND/OR 
DRAG- REDUCING  POLYMER  SOLUTIONS 

General  Since  the  foraulas  for  flat  plates  with  rough  surfaces  and  drag-reducing 
polyaer  solutions  are  scattered  in  the  literature,  it  will  be  useful  to  asseable  then 
here.  In  general,  drag  coefficients  for  flat  plates  with  rough  surfaces  and/or  drag- 
reducing  polyaer  solutions  vary  not  only  with  Reynolds  number  but  with  a variety  of 
other  factors  or 

Cf  - 5 ' T > t|  (26) 

The  specific  variation  of  Cp  with  roughness  and/or  polyaer  solution  is 
obtained  from  a similarity- law  characterization  AB  such  that 

J i ? ,C]  (2Z) 


where  u. 


shear  velocity 


* “x-'Pp 


As  stated  before,  a characteristic  polymer  length  J,  may  be  substituted  fOr 
characteristic  roughness  length  k when  polymer  solutions  are  involved. 

The  & B-  characterization  is  usually  obtained  empirically  from  the  viscous  losses 
in  pipe  flow2,9  and  the  torques  of  rotating  disks.10  Pipe-flow  tests  or  rotating- 
disk  tests  are  usually  more  convenient  than  the  direct  towing  of  flat  plates. 

Rough  Surfaces  in  Ordinary  Fluids 


Here 


(28) 


For  a given  roughness  configuration  $ * the  drag  coefficient  Cp  is  a function  of 
two  dimensionless  ratios,  a Reynolds  number  RL  and  relative  Toughness  k/L.  The  Cp 
values  are  obtained  from  a &B-characterization 


&e> 


(29) 
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Although  regular  roughness  configurations  have  boon  well  studied,  problems  remain  for 
the  irregular  roughness  found  in  engineering  applications.  There  is  still  no 
satisfactory  aethod  for  geometrically  characterising  such  roughness  in  an 
hydrodynamically  meaningful  way. 

There  is  a limiting  case  of  fully-developed  roughness  flow  where  Cp  is  no  longer 
a function  of  Reynolds  number  or 

c,  • $ ft  ,e\ 

Here 

Another  limiting  case  is  t 
function  of  Reynolds  number  or 

c,-  He. 

Here 

(33) 

The  full  variation  of  Cp  with  roughness  occurs  only  for 

(*?),  ■ ^ * p£), 

A general  formula  for  the  drag  coefficient  of  flat  plates  with  rough  surfaces 
is  given  by 

-±-*4-13  (»> 

which  reduces  to  the  Schoenherr  formula  for  smooth  surfaces  for 
& 5 • 0 or 

1=-  - *•“  H..MO  <») 


hat  of  hydraulic  smoothness  where  Cp  is  only  a 

1 to, 
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For  ftilly-developed  roughness  flow  of  the  Nikuradse-type  sand  roughness 


^ *•*'»  * *SI  <*> 

Smooth  Surfaces  in  Drag-Reducing  Polymer  Solutions 

In  this  case, 

Cf  * S ) f 

A characteristic  tine  t or  characteristic  mass  n may  be  substituted  for 
characteristic  length  £ . 

For  a given  polymer  type  P and  concentration  C,  the  drag  coefficient  Cp  is  a 
function  of  a Reynolds  number  and  length  ratio  L/L. 

The  Cp-values  are  obtained  from  a ^B-characterization 

11  12 

There  is  a limiting  case  of  maximum  drag  reduction  * where  Cp  is  just 
a function  of  Reynolds  number  R^  or 

Cf  * S' 

There  is  another  limiting  case  of  drag-reduction  inception 
where  for  i / -“*  M there  is  no  drag  reduction. 

V U J, 

In  general 

i ip,  c] 

A general  formula  for  the  drag  coefficient 
polymer  concentration  is  given  by 

*4.13 

which  reduces  to  the  Schoenherr  formula  for  ordinary  fluids. 

For  the  case  of  maximum  drag  reduction  which  is  another  limiting  case 
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of  flat  plates  in  a uniform 
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Rough  Surfaces  in  Drag-Reducing  Polymer  Solutions 
Here 


(46) 


or 
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(47) 


Rough  surfaces  tend  to  increase  the  drag  while  polymer  solutions  tend  to 
reduce  the  drag.  Hence,  there  is  a mutually  antagonistic  result  for  both  effects. 
It  has  been  found  that  there  is  no  drag  reduction  for  the  condition  of  fully- 


developed  roughness  flow  outside  some  transient  viscoelastic  effect. 


The  &B-characterization  is 


AB-f  Is#  .6,p,c] 


(48) 
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or 


i.6-  l ^,C,P  C] 

A general  formula  for  drag  coefficient  is 

^ =4.U  S^M.)  + 

Injection  of  Polymer  Solution  through  a Slot 

Injection  of  concentrated  polymer  solution  through  a slot  results  in  a nonuniform 
concentration  of  polymer  downstream  of  which  the  value  of  the  wall  concentration 
determines  the  degree  of  drag  reduction.  Downstream  of  the  slot,  a concentration 
layer  grows  until  it  readies  the  full  thickness  of  the  boundary  layer.  Afterwards, 
the  concentration  layer  and  the  boundary  layer  coexist  with  the  same  thickness.  There 
is  an  interaction  between  the  growth  of  the  boundary  layer  and  the  dilution  of  the 
drag-reducing  polymer  solution. 

A prediction14  of  the  development  of  the  boundary  layer  and  the  resulting 
concentration  of  the  polymer  may  be  obtained  semigraphically  from  a plot  of 
Cw  e“^  against  !fil  for  fixed  values  of  Cw  for  the  region  where  the 
momentum  boundary  layer  and  the  concentration  layer  coexist.  Here  A is  a boundary- 
layer  parameter.  The  drag  coefficient  is  given  by15 


(t&)c 


(49) 


(50) 


where 


<>cw 


An  alternate  form  is 


Ve  Cj  3(CCW) 


1*  -(*6),  * c*,«  f H > 

c-.<  cj 


c • is  the  initial  concentration  . 
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COMPARISON  OF  FORM  FACTORS 


The  partial  form  factor  f for  smooth  bodies  in  ordinary  fluids  has  been 
formulated  in  two  ways:  a universal  form.  Equation  (23)  depending  on  an  average 
local  skin  friction  coefficient  and  a specific  form.  Equation  (14),  depending  on  a 
power-law  local  skin  friction  coefficient  for  smooth  surfaces.  It  is  interesting 
to  compare  the  two.  — 

If  an  average  value  of  -jj  , , is  considered  constant  along  the  body, 

then  the  universal  relation  gives  a form  factor  fu  as 


U ^ S ^ 


and  tlv*  special  smooth  relation  gives  a form  factor  f^as 

— ^ iUZ-*  — 

P |0  V 

'♦  ’ Vo.) 


Finally 


(fr)  -,4*H) 


r v»+a  + — - 

a JVJI 

£ i 


For  h ■ 1.4,  a ■ 0.169,  and  q ■ 7 


HIM  ^ 


l.o4U 


(60) 


A 4.6  percent  devietion  in  for*  factor  is  suprisingly  snail  when  considering 
the  differences  in  local  skin  friction  coefficient  used  to  derive  the  form  factors. 

Overall  checks  of. the  proposed  aethod  would  involve  neasureaeuts  of  the  drags 
of  bodies  and  flat  plates  with  the  saae  roughness  and/or  saae  polyaer  solutions  at 
sim  concentration.  Such  aeasureaants  do  not  see*  to  be  in  evidence. 
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THE  EFFECT  OF  INITIAL  ACCELERATION 
ON  SHIP  HAVE 

PATTERN  AND  WAVE  SURVEY  METHODS 

by 
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U.  S.  Naval  Academy 


INTRODUCTION 

The  wave  resistance  of  a ship  moving  at  a constant  speed  can  be  calculated  using 
Information  obtained  from  Its  wave  pattern  (1),  (2),  (3).  Different  methods  which 
exist  for  wave  resistance  calculations  are  based  on  the  existence  of  a linearized  free- 
wave  velocity  potential  and  the  conservation  of  momentum  or  energy  In  a control  volume. 
One  of  the  basic  assumptions  In  the  above  mentioned  methods  Is  the  requirement  of  a 
constant  model  speed. 

The  effect  of  initial  acceleration  upon  the  wave  resistance  of  ships  was  studied 
by  Wehausen  (4).  This  work  shows  that  the  wave  resistance  calculated  for  a ship  model 
with  Initial  acceleration  will  have  an  oscillating  and  decaying  behavior,  and  that  the 
"mean"  value  of  the  oscillation  will  correspond  to  Mlchell's  wave  resistance.  An 
Immediate  conclusion  from  previously  mentioned  work  might  be  that  the  measured  "wave 
resistance"  values  for  a ship  model  moving  at  a constant  speed  but  with  Initial  accel- 
eration might  show  a scatter  of  data  about  a "mean"  value. 

This  paper  presents  a study  to  evaluate  the  effect  of  Initial  acceleration  on  the 
various  existing  wave  survey  methods  and  to  determine  which  one  Is  least  affected  by 
this  possible  source  of  error.  The  ship  Is  represented  by  a distribution  of  sources 
and  sinks.  The  wave  spectrum  for  large  cT  values  Is  calculated  using  the  theorems  In 
(4).  The  calculations  Indicate  that  for  large  cT  values  the  Initial  acceleration  will 
generate  an  additional  two  dimensional  wave  cT  superimposed  on  the  ship's  free  waves. 
The  form  of  cT  Is  given  by 

CT-£s1n  (}  k0(x-cT)  + *(t))  + o(cT)"2 

It  Is  also  determined  that  this  wave  will  have  no  Influence  on  longitudinal  cut  methods 
but  that  transverse  cut  methods  on  the  other  hand  will  be  affected. 

Wave  resistance  calculations  are  usually  made  with  nondlmenslonal  variables.  We 
will  use  unbarred  variables  to  represent  dimensional  variables  and  barred  variables  to 
represent  dimensionless  variables.  As  fundamental  units  we  take  ship  speed,  c,  density 
of  fluid,  p,  and  gravitational  acceleration,  g.  One  can  use  k0  ■ |i  • which  has  the 
dimension  (L*1)  to  nondlmenslonal Ize  lengths.  The  resistance  can  be  nondlmenslonal 1 zed 
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by  If  ■ R kQ2/pc2. 

THEORY 

The  representation  of  a ship  for  ship  wave  resistance  calculations  can  be  made  by 
a source  and  sink  distribution.  Even  though  the  original  wave  resistance  problem  Is 
nonlinear,  linearization  permits  the  superposition  of  the  elementary  effects  of  each 
source.  The  wave  pattern  can  then  be  obtained  as  a sum  of  the  waves  generated  by  each 
source.  The  velocity  potential  of  a source  moving  under  the  free  surface  Is  given  by 
Lunde  [5].  For  a source  moving  In  +x  direction  this  potential  can  be  written  as: 

t(x,y,z,t)  ■ 2^-  - + / m(-r)  dx  / de  / sin  l/Eg  (t-r)l 

r»  r2  n o -no 

exp  (k[(z-f)  + Tw  1)  k**  dk  (1) 

in  a coordinate  system  moving  with  the  source.  The  variables  In  the  equation  are  the 
source  strength  m,  rj  » x2  + y2  + (z+f)2,  r2  ■ x2  ♦ y2  ♦ (f-z)2  and  w • (x  ♦ / c(x)dx) 
cose  ♦ yslne.  The  coordinate  system  Is  given  In  figure  1.  The  coordinate  ofTthe 
source  Is  (o,  o,  -f)  and  the  velocities  can  be  calculated  from  v • -V*. 

The  surface  wave  elevation  c can  then  be  calculated  from  the  linearized  free- 
surface  condition  given  by 

C (x.y.t)  ■!(♦♦-  c*  )|  (2) 

9 z-o 

As  c Is  the  Input  for  all  calculations  In  wave  survey  methods.  It  will  be  calculatec 
first  from  a given  velocity  potential  + . The  velocity  potential  contains  the  effects 
of  the  variation  of  the  velocity  from  time  t « 0 to  t ■ t.  A veloclty-versus-tlme  dia- 
gram will  then  be  required  for  the  calculation  of  velocity  potential.  Figure  2 shows  a 
possible  diagram  for  a ship  reaching  a constant  velocity  cQ  at  t ■ tQ  and  maintaining 
that  velocity  for  t>  tQ.  This  might  very  well  represent  the  towlng-tank  procedures 
where  the  velocity  Is  kept  constant  during  a particular  experiment  after  the  Initial 
acceleration.  Once  the  c(t)  function  Is  defined,  as  In  Figure  (2),  one  can  obtain  the 
velocity  potential  + and  wave  height  records 

The  Integral  (1)  with  respect  to  time  can  be  separated  Into  two  terms  as  follows: 

£ m (t)  dr  / de  /*  sin  [/Tg  (t-x)]  exp  {k[z-f  + 1w  J}  k*1  dk  ■ 

® -1  0 

;°  m (t)  dx  f*  de  /*  sin  t /"Eg  (t-x)J  exp  {k[z-f  ♦ 1w]  ) k*1  dk  ♦ 

0 -IT  ° 

£ m (x)  dx  de  £ sin  (/Tg  (t-x)J  exp  {k[z-f  ♦ 1w  J)  k1*  dk  (3) 

It  can  easily  be  seen  that  the  third  term  represents  the  velocity  potential  due  to  a 
velocity  function  c ■ c*s(t-t0)  where  s(t)  Is  a step  function.  This  term  will  be 
studied  first  and  It  will  represent  a test  In  which  the  ship  model  Is  brought  to  the 
desired  velocity  Instantaneously.  The  effect  of  the  second  Integral  In  (3)  can  be 


Kter.  m- 
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effect  of  cT  will  be  zero  as  T ■+•  • . 

As  far  as  wave-height  or  wave-slope  records  are  concerned,  this  effe 
looked  upon  as  a "noise"  superimposed  on  a signal.  We  will  next  try  to  si 
of  this  noise  as  seen  by  a fixed  wave  height  or  wave  slope  transducer  and 
photographic  measurement,  and  their  Implications  on  wave-resistance  calcu 


denote  nondlmenslonal  values.  The  numerical  operations  required  for  the  calculation  o 
wave  resistance  from  wave  height  records  can  be  summarized  as  follows.  First  the 
Fourier  transform  of  the  longitudinal  cut  Is  obtained  as 

C(s.y)  ♦ 1 S(s.y)  - /_  c (1 T.y)  exp  (IsJ)  dx. 

The  value  (C*  ♦ S*)1*  Is  usually  called  the  amplitude.  The  wave  pattern  Is  assumed  to  I 
transversely  symmetric  and  the  wave-resistance  calculation  Is  based  on  this  transform. 
Wave  resistance  Is  then  calculated  as  [2]. 

*w  ■ w C k(isi-i)<ci  * s*>  du 

where  s - sec  e,  u ■ sec  e tan  e,  e Is  the  direction  of  the  propagation  of  the  free 
waves,  s and  u are  longitudinal  and  transverse  wave  numbers  and  are  kinematically 
connected.  The  limits  of  Integration  In  terms  of  the  u variable  are  e and  • while  the 
limits  of  Integration  In  terms  the  s variable  will  be  1 and  - which  Is  a direct  conse- 
quence of  the  assumed  free  wave  spectrum.  One  can  easily  see  that  this  assertion 
•llmlnates  the  contribution  of  any  wave  with  a dimensionless  wave  number  s < 1 on  the 
p*ave  resistance  calculation  of  the  ship.  Therefore,  even  though  the  wave  record  has 
in  error,  standard  wave  resistance  calculations  based  on  the  previous  formulas  will  not 


possibility  of  detecting  the  existence  of  the  Initial  acceleration  effects  In  the  wave 
system.  To  give  a graphical  representation  the  effect  of  an  Imaginary  acceleration  Is 
superimposed  on  an  experimental  record.  The  acceleration  effect  as  reflected  by  a 
fixed  wave-height  probe  shows  a relatively  high  peak  around  . 

Another  possible  method  for  measuring  the  waves  generated  by  a ship  Is  the  stereo- 
photographic technique.  This  type  of  measurement  records  the  shape  of  the  free  surface 
at  a given  time.  The  photograph  usually  covers  only  the  range  of  Interest.  As  there 
Is  no  Interpretation  of  the  length  scale  from  a time  scale.  In  contrast  to  the  previous 
measurements,  the  calculations  are  straight  forward.  Figure  3 shows  a relatively  high 
value  for  the  amplitude  around  s - J-,  Instead  of  a Dirac  delta  function,  which  one 
would  theoretically  expect. 

The  numerical  differences  between  amplitude  values  with  Initial-acceleration 
effects  and  amplitude  values  obtained  from  experimental  data  assumed  free  of  Initial 
acceleration  effects  decrease  as  the  s value  Increases.  For  this  numerical  calculation 
the  distance  L Is  taken  to  be  1200'  or  two  ship  lengths  for  the  sources  at  midship 
section.  One  can  claim,  therefore,  that  the  wave  resistance  calculations  based  on 
fixed  probes  and  longitudinal  cuts  are  not  affected  by  Initial  acceleration,  even  though 
the  wave  spectrum  Is. 

b - Transverse  cut  methods. 

The  effect  of  Initial  acceleration  on  a transverse-cut  method  will  correspond  to 
a shift  In  the  original  free-surface  level.  If  a stereo- photographic  method  Is  used, 
this  shift  will  be  a constant  quantity  for  a given  transverse-cut  location.  Theoretical- 
ly the  error  Introduced  to  wave  height  can  be  corrected  very  easily  If  enough  Informa- 
tion Is  available  on  the  time  history  of  the  events. 

Eggers  (1]  gave  the  formulas  for  calculating  the  wave  resistance  for  a symmetric 
disturbance  In  a rectangular  tank.  The  assumed  free  wave  surface  Is  expressed  as 


c(x,y)  -Jq  cv  tav  cos  (svx)  ♦ bv  sin  (svx)J  cos  y) 
and  the  resistance  Is 

Ru  " ? Jo  ev  (,v*  + bv*)  (2  ” 

where  cv  ■ % for  v ■ 0 and  1 otherwise,  the  tank  walls  are  at  y • t b and  u ■ j . The 
values  of  av  and  bv  are  obtained  by  evaluating  the  Integral  /£**  c(x,  y)  ^ dy. 

One  can  easily  see  that  the  terms  aQ  and  bQ  will  be  Influenced  by  the  effect  on  Initial 
acceleration,  as  c(x,y)  will  be  changed  locally  by  a constant  value  at  a given  x 
location.  As  two  parallel  transverse  cuts  are  required  for  the  calculatlpn  of  av  and 
bv  , a general  conclusion  cannot  be  given.  An  obvious  solution  Is  to  locate  the  trans- 
verse cuts  In  such  a way  that  the  expected  change  In  free  surface  elevation  due  to 
Initial  acceleration  Is  equal  to  zero  for  two  such  cuts.  However,  the  transverse  cut 
method  requires  a special  choice  of  spacing  between  cuts  to  minimize  the  numerical 
error  In  the  calculations.  This  requirement  Is  contradictory  to  the  possible  solution 
referred  to  above. 


Results  and  Conclusion 

Direct  determination  of  the  wave  resistance  value  through  wave  survey  analysis  In 
creased  the  understanding  of  the  wave  resistance  concep  and  offered  a new  method  to 
towing  tanks.  The  wave-resistance  values  calculated  by  using  such  methods  usually 
predict  a wave  resistance  value  less  than  the  residual  resistance.  One  of  the  assump- 
tions used  In  the  wave-survey  methods  namely  constant  ship  velocity.  Is  analyzed  here. 
The  results  of  the  effect  of  the  Initial  acceleration  to  the  first  order  In  (4p)  can 
be  swmarlzed  as  follows: 

a.  The  Initial  acceleration  will  not  affect  the  wave  resistance  calculations 
based  on  longitudinal  wave  height  or  wave  slope  records. 

b.  Wave- resistance  calculations  based  on  transverse  cut  methods  will  be  affected 
by  Initial  acceleration  effects.  This  Influence  will  be  limited  to  the  first  term  of 
the  series  representing  the  wave  resistance. 

c.  It  Is  possible  to  determine  the  existence  of  the  Initial -acceleration  effects 
In  the  wave  spectra  from  the  form  of  the  amplitude  spectrum  calculated  for  the  range 

0 < s < 1.  The  linearized  wave-resistance  problem  predicts  zero  amplitude  In  this 
Interval,  and  the  Influence  of  the  Initial  acceleration  to  the  first  order  In  (^)  Is 
confined  to  the  same  range.  As  there  Is  no  guarantee  for  the  absence  of  non-linear 
effects  In  problems  Involving  gravity  waves  It  might  be  desirable  to  check  the  exist- 
ence of  Initial-acceleration  waves  In  the  recorded  spectra. 


NOMENCLATURE 


velocity  of  the  ship 
z coordinate  of  the  source 
gravitational  acceleration 
wave  number 
source  strength 
wave  resistance  value 

longitudinal  nondlnenslonal  wave  number 

time  variable 

a large  value  for  time 

transverse  nondlnenslonal  wave  number 

free  surface  elevation 

waves  generated  by  Initial  acceleration 

velocity  potential 

barred  variables  represent  nondlnenslonal  variables, 
whereas  unbarred  variables  represent  dimensional  variables 
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EFFECT  OF  WAKE  ON  NAVE  RESISTANCE 


by 
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Introduction 

Recent  advances  in  higher-order  ship  wave  theory,  and  the  resulting  improvement 
in  the  agreement  between  the  computed  wave  resistance  and  the  residuary,  have  led  to 
the  suggestion  that  the  wave  resistance  can  be  satisfactorily  calculated  on  the  basis 
of  irrotational  flow  alone.  In  an  attempt  to  resolve  the  question  of  the  influence  of 
the  wake,  the  total  viscous  and  wav-making  resistance  of  a Series  60  ship  model  was 
measured,  with  the  wetted  surface  first  smooth,  and  then  rough,  in  order  to  modify  the 
wake.  This  work  was  reported  in  Theses  by  Moreno  [1]  and  Perez -Rojas  [2] , and  in  a 
report  by  Moreno,  Peres -Rojas,  and  Landweber  [3). 

Previous  work 

In  the  aforementioned  study,  a 3.05  m Series-60  model  of  0.60  block  coefficient 
was  used.  The  surface  was  roughened  by  means  of  plastic  pins  of  0.64  cm  diameter,  0.16 
cm  in  height,  at  a spacing  of  1.91  cm.  It  was  found  that  the  roughening  approximately 
doubled  the  viscous  resistance  (as  determined  by  wake-survey  measurements)  and  appre- 
ciably decreased  the  wave  resistance  (determined  from  longitudinal-cut  measurements) ; 
by  40*  at  a Froude  number  F - 0.25,  by  50*  at  F ■ 0.28,  by  30*  at  F - 0.31,  and  by  15* 
at  F * 0.34.  This  indicates  that  the  effect  of  the  boundary  layer  and  the  wake  on 
wave  resistance  should  be  included  in  the  development  of  mathematical  models  for  com- 
puting the  wave  resistance  of  a ship  form. 

A by-product  of  this  work  was  the  discovery  that  both  the  wake-survey  and  the 
longitudinal-cut  measurements  were  affected  by  a long  period  surge  in  the  towing  tank. 
It  was  concluded  that  the  affect  of  the  surge  was  negligible  for  the  determination  of 
wave  resistance.  A procedure  for  measuring  and  correcting  for  the  surge  was  presented. 

Theoretical  study 

An  attempt  to  calculate  the  wave  resistance  of  a body,  with  the  boundary  layer 
and  wake  (BLP  taken  into  account  by  replacing  the  vorticity  in  BLN  by  Betz  sources, 
such  that  the  xrrotational  flow  exterior  to  BLN  is  undisturbed,  is  under  way.  One  can 


show  that  the  flow  exterior  to  BLN  can  be  exactly  reproduced  by  source  distributions 

Mq  and  on  the  surface  of  the  body  and  on  the  outer  boundary  £ of  BUW,  respectively 

which  satisfy  the  boundary  conditions  that  the  normal  component  of  the  fluid  velocity 

is  zero  on  the  body  surface,  and  a "known  function"  of  position  along  £ , with  this 

known  function  expressible  in  terms  of  the  displacement  thickness  of  the  boundary 

layer  and  wake.  These  boundary  conditions  yield  a pair  of  integral  equations  with  M 

o 

and  as  the  unknown  functions. 

The  form  selected  for  this  study  is  the  thin  body  for  which  total  resistance 
measurements  are  available  and  Weinblum,  Kendrick  and  Todd  [4]  have  computed  the 
wave  resistance  by  means  of  the  Michel  integral.  This  body,  although  of  finite  draft, 
may  be  considered  essentially  as  a thin  two-dimensional  strut  with  fine  parabolic  ends 
and  a long  parallel  middle  body.  Because  of  its  fineness,  higher-order  corrections 
to  linearized  wave  theory  should  be  unnecessary,  thus  enabling  the  effects  of  the  BUT 
to  be  more  distinguishable. 

Since  the  variation  of  the  displacement  thickness  6*  with  downstream  distance 
is  required  as  input  in  the  integral  equations,  and  the  values  of  6*  near  the  stern 
and  the  near  wake  cannot  be  estimated  with  sufficient  accuracy  by  existing  theory  or 
data,  boundary- layer  measurements  on  this  form  have  been  undertaken  in  a wind  tunnel. 

Because  the  modification  of  Mq  by  has  been  found  to  be  small,  it  has  been 
necessary  to  calculate  these  source  strengths  accurately,  with  special  care  near  the 
wedgelike  bow  and  stem,  where  the  Michell  formula  for  the  source  strength  cannot 
match  the  proper  analytical  behavior.  The  wave  resistance  at  low  Froude  numbers  would 
then  be  calculated  by  means  of  the  Legally  theorem,  applied  to  the  source  distribution 
Mq.  This  result  would  be  affected  by  the  wake  in  two  ways,  one  by  the  influence  of 
the  source  distribution  on  Mq  through  the  pair  of  integral  equations,  the  other  by 
the  velocity  induced  at  a source  element  of  Mq  by  M^,  as  applied  in  the  Legally  theorem. 
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Discussion  of  Cosuittee  Report  c Contributions 


Professor  Ward  (of  Webb  Institute)  made  the  following  consents s 

1*  Concerning  the  Committee  report,  recommendation  2,  which  considered  the 
effect  of  hull  wake  on  wave  survey  results,  he  inquired  as  to  the  necessity  for  this 
action.  He  agreed  that  the  production  of  waves  by  the  hull  would  be  influenced  by 
the  hull  wake,  but  did  not  see  how  the  waves,  once  produced,  would  be  affected  between 
the  point  of  production  and  the  measuring  location.  (Measurement  by  longitudinal  cut 
methods  was  intended  here.) 

2.  Regarding  Professor  Wehausen ' s contribution,  he  pointed  out  that  we  mioht 
be  approaching  a theoretical  prediction  of  wave  resistance  that  was  reliable  in  a prac- 
tical  range  of  speeds  (Baba  et  al) . He  recalled  some  very  interesting  optimized  hulls 
produced  at  Berkeley,  and  asked  whether  the  new  theory  would  lend  itself  to  a similar 
analysis.  He  reported  that  the  Society  of  Naval  Architects  and  Marine  Engineers  had 
recently,  through  an  Advanced  Planning  Committee,  placed  renewed  emphasis  on  energy 
conservation  by  the  ship,  and  commented  that  such  studies  on  optimized  hull  forms  would 
be  of  interesting  practical  importance. 

3.  In  regard  to  the  contribution  by  Professor  Calisal,  he  was  encouraged  by 
the  advantage  of  using  slope  data  in  minimizing  errors  due  to  transients  and  said  that 
he  might  have  been  the  only  actual  user  of  such  data.  However,  he  also  warned  that 
this  type  of  data  (at  least  in  a "narrow"  tank  such  as  Webb's)  would  be  susceptible  to 
side-wall  errors  (due  to  a kind  of  channeling  effect) . So  Nature  gives  and  takes  awayl 

4.  Regarding  the  contributions  by  Messrs.  McCarthy  and  Granville,  he  re- 
marked that  neither  had  mentioned  the  importance  of  considering  the  effect  of  the  free 
surface  on  the  viscous  flow  and  boundary  layer  separation  problems  in  the  stem  area. 
This  should  be  considered,  despite  the  difficulties  arising. 

Professor  Wu  (of  Cal  Tech)  commented  on  the  contribution  by  Professor  Land- 
weber.  He  remarked  that  the  shear  flow,  in  general,  would  affect  the  passing  of  waves. 
In  a uniform  flow,  waves  would  pass  along  a straight  ray,  while  in  a shear  flow  the  ray 
would  bend.  This  phenomenon  must  be  the  main  source  of  the  wake  effect  on  the  wave 
resistance. 

Professor  Wehausen  also  amplified  the  remarks  made  by  Professors  Ward  and  Wu 
and  expressed  his  opinion  that  a longitudinal  wave  cut  taken  at  a distance  sufficiently 
remote  from  the  model  should  be  free  from  the  shear  flow  of  the  model  wake.  On  the 
other  hand,  a transverse  wave  cut  is  usually  taken  across  the  model  wake  where  the 
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usual  linearised  wave  theory  is  not  satisfactory;  therefore,  shear  flow  effects  should 
be  taken  into  account.  Hence,  the  results  from  the  two  different  wave  cuts  should  ex- 
hibit some  discrepancies. 

Hr.  Lackenby  (of  BSRA)  commented,  on  the  idea-  of  applying  the  equivalent- 
body -of-re  volution  technique  to  full  forms.  Since  the  cross  flow  would  be  considerable 
with  a full  form,  whereas  there  would  be  no  cross  flow  present  for  a body  of  revolution 
he  asked  how  this  problem  Blight  be  reconciled. 

Professor  Landweber  remarked  that  the  equivalent-body-of-revolution  technique 
would  not  be  useful  in  obtaining  detailed  information  such  as  the  local  shear  stress. 

However,  for  certain  types  of  application,  such  as  the  prediction  of  total  viscous 
drag,  the  technique  could  be  very  useful. 

The  following  written  discussion  of  the  Committee  Report  was  sutssitted  by 
Mr.  Michailidis. 

"As  a member  of  the  Propulsion  Cosmittee,  1 was  asked  to  report  on  the  devel- 
opments in  the  field  of  navigation  of  ships  in  ice  covered  and  ice  infested  waters  and 
the  associated  problem  of  increase  of  resistance  in  such  circumstances.  Since  the 
nature  of  the  problem  is  the  increase  of  drag  due  to  ice-ship  interference,  its  ap- 
proach in  the  towing  tank  level  has  been  to  m-asure  the  resistance  of  the  model  oper- 
ating in  such  an  environment  primarily  from  which  the  delivered  power  can  be  derived. 

To  avoid  conflict  of  interests,  it  was  subsequently  suggested  that  it  was  more  aprop- 
riate  for  the  Resistance  and  Flow  Committee  to  report  on  the  matter.  Unfortunately, 
this  was  not  done. 

Clearly,  in  a time  when  operations  in  ice  covered  waters  are  gaining  impor- 
tance and  a new  generation  of  powerful  and  expensive  ships  are  being  developed,  would 
it  not  be  wise  to  devote  some  of  our  efforts  to  this  subject? 

Development  of  new  facilities  (ice  tanks)  to  experimentally  study  this 
complex  phenomenon  of  ice-ship  interference,  both  in  North  America  and  the  rest 
of  the  world  is  an  indication  of  the  importance  of  the  problem.  The  previous  A.T.T.C. 
discussed  the  subject  and  the  I.T.T.C.  has  appointed  a Panel  to  report  on  this  work." 
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Th«  Propulsion  Committee  hold  two  mootings  In  tho  post  yoor,  one  on  2 December 
1976,  tho  other  on  4 May  1977.  Tho  Committee  consists  of  ths  following  members : 

Richard  A.  Cunning 

William  G.  Day,  Jr.,  Reporter 

Walter  Geerherdt 

Robert  Henderson 

Michael  Mlchallldls 

Eugene  Miller 

Otto  Sherer 

Raymond  Wermter,  chairman 

During  these  meetings,  it  was  decided  that'  the  state  of  the  art  report  would 
be  presented  as  a series  of  Appendices  on  selected  topics.  It  was  also  decided  that 
the  work  of  the  Committee  would  be  presented  in  two  themes. 

"*16  first  of  these  themes  consists  of  reports  of  the  activities  of  the  ITTC 
Committees  that  parallel  the  mission  of  our  Propulsion  Committee  along  with  three 
associated  papers  concerning  scaling  and  predictions. 

These  appendices  ere  as  follows: 

1.  Activities  of  ITTC  Performance  Conmlttee 

2.  A Review  of  the  Activities  of  ITTC  Propeller  Counlttee 

3.  Scale  Effect  and  Propeller  Induction  of  the  Wake 

4.  Recent  Developments  in  the  Analytical  Prediction  of  Thrust  Deduction 

5.  Experimental  and  Prediction  Techniques  for  Estimating  Added  Power 

Requirements  in  a seaway 

These  topics  are  those  that  are  generally  considered  In  depth  by  both  the 
ATTC  end  the  ITTC  with  extensive  documentation  in  Reference  1. 
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Not  so  extensively  covered  In  the  lltereture  are  the  subjects  of  our  second 
theme,  experimental  problems  associated  with  either  unusual  or  high  performance 
types  of  propulsions.  There  are  therefore  5 more  presentations  In  the  following 
areas: 

6.  Performance  of  Ducted  Propellers  Fitted  to  Surface  Craft 

7.  Partially  Submerged  and  Supercavltatlng  Propeller  Systems 

8.  State  of  the  Art  Report  on  Weterjet  Propulsion  System  Performance  Analysis 

9.  A Survey  of  Propulsor-Vehlcle  Interaction  on  High  Performance  Marine  Craft 

10.  Waterjet  Propulsor  Thrust  Measurement  using  a Reaction  Elbow 

Because  it  was  the  feeling  of  the  Committee  that  the  subjects  of  the  second 
group  are  beset  with  many  tank  problems  such  as  multiple  scaling  laws.  Inadequate 
facilities,  etc..  It  was  thought  advisable  to  feature  them  as  the  major  theme  of  the 
session.  Therefore  these  subjects  will  be  presented  first. 

The  subject  matter  contained  In  the  body  of  this  report  Is  summarized  as  the 
following: 

Appendix  1 Is  by  Wermter  and  discusses  the  Model  Ship  Correlation  Program 
proposed  by  the  ITTC  Performance  Committee  with  the  recommended  approaches  for  use 
of  form  factors,  AC^,  wake  scaling  and  so  on.  Further  work  of  the  committee  extends 
the  use  of  the  program  to  slender  forms,  twin  screw  ships  and  ships  with  ducted 
propellers. 

Appendix  2 was  prepared  by  Cumming  and  In  addition  to  reporting  on  the  previous 
activities  of  the  ITTC  Propeller  Committee,  he  outlines  the  tasks  being  addressed 
for  the  15  ITTC.  These  Include  wake  scale  effects,  theoretical  prediction  of  pro- 
peller performance  , propeller  Induced  vibratory  forces,  effects  of  cavitation 
performance  and  model  techniques  for  thrusters  on  dynamical  positioning  vessels. 

Huang  prepared  Appendix  3 wherein  he  reviews  the  many  contributions  made  to 
our  state  ol  knowledge  of  the  wake  scaling  laws  over  the  past  several  years.  He 
further  discusses  the  effect  of  propeller  action  on  wake  and  the  Interaction  of  the 
propeller  and  the  axlsymnetrlc  boundary  layer  upstream  of  the  propeller. 


Appendix  4 1*  by  Cox  end  gives  e review  of  recent  advances  In  the  analytical 
prediction  of  thrust  deduction  and  some  applications  of  theaa  data. 

Day,  Reed  and  Lin  prepared  Appendix  S.  In  It  they  review  the  standard 
experimental  techniques  for  predicting  added  power  In  waves.  They  further  discuss 
three  proposed  prediction  techniques  for  added  power  and  added  resistance  In  waves. 

Appendix  6,  by  Gearhardt  and  Henderaon,  discusses  the  model  evaluation  of 
ducted  propeller  and  the  scaling  laws  Involved.  They  further  suggest  some  ducted 
propeller  configurations. 

Appendix  7 Is  by  Sherer  and  he  discusses  the  nature  of  the  scaling  problems 
In  predicting  the  performance  of  partially  submerged  and  superca  vita  ting  propellers. 

Miller  prepered  Appendix  8 and  discusses  waterjet  configuration,  model  testing 
procedures  and  analysis,  and  full  scale  performance  measurement. 

Wilson  discusses  high  performance  creft  Interaction  problems  In  Appendix  9. 

He  does  this  by  applying  the  various  types  of  propulsors  to  various  craft  and 
talks  to  these  configurations  and  the  aasoc lated  problems. 

Finally,  Appendix  10  by  Ellers  and  Shrout,  describes  a new  facility  for  the 
determination  of  full  scale  waterjet  propulsion  thrust. 

It  Is  felt  these  various  appendices  form  a representative  basis  for  the 
essesament  of  marine  vehicle  propulsion  state  of  the  art. 
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ACTIVITIES  OF  ITTC  PERFORMANCE  COMMITTEE 
by 

Raymond  Wermter 

David  W.  Taylor  Naval  Ship  Research  and  Development  Center 


The  work  o£  the  Performance  Committee  has  dealt  largely  with  developing  a 
rational  Trial  Prediction  Computer  Program  and  has  concentrated  very  heavily  on 
the  detailed  elements  making  up  that  program.  First  discussed  before  the  13th 
ITTC  In  Berlin,  the  calculations  Involved  In  correlation  of  ship  and  model  data 
which  are  contained  In  the  computer  program,  provide  for  a variety  of  options  In 
the  application  of  form  factors,  roughness  allowances,  wake,  propeller  corrections, 
and  other  factors. 

The  details  of  the  computer  program  can  be  found  In  Reference  1.  The  work 
performed  by  the  Committee  for  the  14th  ITTC  concentrated  on  exercising  the 
program  and  examining  In  detail  the  many  options  available  for  the  evaluation  of 
the  various  factors  mentioned  above.  This  was  done  by  soliciting  the  cooperation 
of  a number  of  tanks  to  apply  the  program  to  their  model/full-scale  data  base  In 
correlation  studies.  The  tanks  that  participated  are  listed  below: 

Bassln  d'Essals  des  Carenes,  Paris,  France 
Ishlkawajlma-Harlma  Heavy  Ind.,  Co.  Yokohama,  Japan 
Nagasaki  Techn  Inst  MHI,  Nagasaki,  Japan 
DTNSRDC,  Washington,  USA 
NSMB,  Wagenlngen,  the  Netherlands 
NSFI,  Trondheim,  Norway 

The  Shipbuilding  Research  Centre  of  Japan,  Tokyo,  Japan 
Ship  Division,  NH,  Feltham,  England 
Sklbsteknlsh  Laboratorlum,  Lyngby,  Denmark 
SSPA,  Goteborg,  Sweden 

Versuchsanstalt  fUr  Wasserbau  und  Schlffbau,  Berlin,  Germany 

There  were  212  ships  Involved  In  these  correlation  studies  with  833  data  points. 
Ship  types  were  as  follows: 
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Number  of 
Ships 


Number  of  Dete 
Polnte 


Ore  and  oil  tankers,  VLCC  127  498 

Product  Carriers  13  42 

LNG-LPG- ships  y 4 

Cargo  Ships  43  150 

Container  Ships  15  71 

Passenger  Liners  1 7 

Ferries  2 4 

■Tugs  1 ! 

Trawlers 

Others  8 62 

Reference  2 presents  the  results  of  this  study.  Details  will  not  be  given 
here,  it  will  be  sufficient  to  say  that  Method  55  appears  to  produce  the  best 
results. 

The  various  methods  and  the  factors  that  make  them  up  are  given  in  References 
1 and  2.  It  should  be  of  some  Interest  to  list  the  techniques  used  for  determining 
the  various  factors  in  Method  55. 

Figure  1 reproduces  the  flow  chart  of  the  logic  incorporated  in  the  computer 

program.  Several  elective  factors  are  indicated  on  this  diagram  and  are  described 
below  for  Method  55: 

1)  Form  Factor  is  determined  using  data  from  model  resistance  tests  obtained 
at  low  speeds  and  the  frictional  formulation  used  by  the  experimenter.  Analytical 
methods  are  not  used  to  calculate  the  form  factor  in  Method  55. 

2)  Roughness  Allowance  is  calculated  using  the  following  formula: 

£Cf  - {l05  (j^-)  - 0.64}.  10*3 


where  Of  - hull  roughness,  typically  150  x 10‘6  m.  (0.006  in.) 

3)  Viscous  resistance  is  calculated  using  the  form  factor,  k,  obtained  in 
(1)  above,  in  the  equation 

Cvs  ■ <1+k>  Ss  + ^F 

4)  Full  Scale  Hake  is  computed  by  the  application  of  a displacement  wake: 

wd  " cm  + At 
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where  At  - 0.04 

5)  Propeller  open-water  characteristics  are  corrected  for  blade  section  drag 
using  the  values  determined  by  Lerbs'  analysis  method  where  C^  * at  the  0.75 
radius  and  the  blade  roughness  is  assumed  to  be  30  x 10"6m.  (0.001  in.). 

6)  Lift  corrections  to  propeller  open-water  characteristics  are  not  made  in 
Method  55. 

Having  reported  on  the  results  of  the  above  work  in  great  detail  the  Comnittee 
failed  to  reconmend  a standard  procedure  to  the  Conference.  Item  2.1  Incorporates 
the  reasons  for  the  decision.  Findings  and  recommendations  of  the  Committee  are 
given  in  Reference  3 and  are  reproduced  in  their  entirety  below: 

1.  Findings 

1.1  The  experimental  determination  of  the  form  effect  on  the  viscous  resistance 
is  superior  to  any  of  the  empirical  formula  examined  by  the  Conmittee.  The 
method  proposed  by  Prohaska  for  determining  the  form  factor  is  recommended. 

2.  Recommendations 

2.1  Prediction  Methods 

2.1.1  At  present  the  Conference  is  not  ready  to  recommend  an  analytical  prediction 
method  for  general  acceptance.  Method  55,  described  in  Appendix  2 of  the 
Coauittee  report  represents  the  best  of  the  methods  studied  and  it  should  be 
a starting  point  for  further  investigations. 

2.1.2  It  is  Important  to  conplete  the  test  material  with  data  for  more  slender  ships. 

2.1.3  Prediction  methods  for  unconventional  propulsion  devices  should  be  examined. 

2. 2 Form  Factors 

2.2.1  Further  work  should  be  carried  out  on  the  Influence  of  separation  effects 
on  form  factors. 

2’.3  Separation 

2.3.1  Further  studies  of  flow  patterns  at  the  stem  of  full  ship  forms  are  required, 
including  studies  of  flow  conditions  in  self-propulsion  tests,  studies  of 
scale  effects  in  flow  patterns  and  full  scale  comparisons. 

2.4  Propulsion  Factors 
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2.4.1  Further  examination  of  the  flow  conditions  on  the  propeller  blades  In  the 
open  and  behind  conditions  Is  of  the  utmost  Importance.  The  Interpretation 
of  the  propulsion  factors,  Including  the  scaling  of  propeller  characteristics, 
wake  and  relative  rotative  efficiency.  Is  closely  related  to  this  Investigation 

2.4.2  Adequate  knowledge  of  the  lift  and  drag  for  ship  propellers  Is  still  lacking 
and  Investigations  should  continue.  It  Is  Important  to  determine  which  type 
of  roughness  characterizes  the  propeller  surface  and  how  It  affects  and 


2.5  Hull  Deterioration  and  Foul In 


2.5.1  Information  on  hull  roughness  has  been  made  available  by  only  a few  Institu- 
tions and  more  data  are  required.  It  Is  hoped  that  the  development  of  auto- 
mated roughness  gages  will  encourage  the  measurement  and  analysis  of  rough- 
ness effects. 

2.6  Wind.  Waves  and  Steering 

2.6.1  More  efforts  should  be  applied  to  the  study  of  the  added  resistance  due  to 
drift  angle,  rudder  angle,  and  steering.  The  resistance  Increment  associated 
with  the  diffraction  of  waves  at  small  sea-states  should  also  be  examined. 

Since  the  Conference,  work  continues  In  all  areas  listed  above.  The  original 
data  base  was  largely  biased  toward  high  block  ships  and  an  effort  Is  being  made 
now  to  Introduce  a sample  of  slender  ships  as  well.  Various  propulsor  types  and 
configurations  such  as  twin  screw,  controllable-reversible  pitch  propellers  and 
ducted  propellers  are  also  being  Introduced. 

With  regard  to  the  more  novel  types  of  propulsors,  there  are  some  difficulties 
In  establishing  correlation  between  ship  and  model  data.  For  example,  frequently 
the  pitch  of  a CP  propeller  Is  not  always  accurately  known  for  full-scale  trial 
conditions  due  to  difficulties  In  measurement  or  even  definition  of  pitch  angle. 
Another  example  of  novel  propulsor  scaling  problems  concerns  ducted  propellers. 

Work  done  by  Mlnsaas  In  Norway  Indicates  that  It  is  necessary  to  use  the  rudder 
during  open-water  experiments  of  the  ducted  propeller  In  order  to  achieve  reasonable 
values  of  propulsive  coefficients.  The  scaling  of  shroud  drag  and  Its  effect  on 
propulsor  characteristics  has  also  become  an  Important  consideration  for  ducted 
propellers. 

Work  also  continues  In  the  Committee  with  regard  to  form  factor  determination, 
flow  separation  and  the  scaling  of  propulsion  factors  as  a function  of  model  and 
propeller  scale. 


-r 


78 


With  the  further  consideration  of  all  factors  above  and  the  additional  data 
being  processed  It  Is  hoped  that  a firm  recommendation  as  to  an  approved  method 
can  be  made  to  the  15th  ITTC. 
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A Review  of  the  Activities  of  the  15th  ITTC  Propeller  Com  it  tee 

by 

Richard  A.  Cloning 

David  N.  Taylor  Naval  Ship  Research  and  Development  Center 


I A review  of  the  activities  of  the  15th  ITTC  Propeller  Coanittee  through  approx- 

imately 15  June  1977  is  presented.  The  findings  and  reenundations  of  the  14th 
ITTC  Propeller  Coanittee  are  included  as  background  information  and  results  of  recent 
work  at  the  David  W.  Taylor  Naval  Ship  Research  and  Development  Center  (DTNSRDC) , 
which  bear  upon  the  activities  of  the  Propeller  Committee  are  discussed. 

The  FINDINGS  of  the  14th  ITTC  Propeller  Committee  as  they  appear  in  Volume  1 
of  the  Proceedings  of  the  14th  ITTC  are  shown  below. 

■1. 

1.1 


From  limited  experimental  data  the  effect  of  cavitation  on  the  forces  in  1.1 
appears  to  be  small. 

^op**1**  vibratory  shaft  forces,  mean  lateral  and  vertical  forces  and  bending 
moments,  and  propeller  blade  fluctuating  stresses  have  been  found  to  be  pro- 
portional to  the  product  of  propeller  speed  of  rotation  and  the  ship  speed, 
assuming  that  the  mean  wake  and  its  distribution  are  independent  of  ship  speed. 
This  is  the  preferred  method  of  plotting  these  data. 

Mien  comparing  ducted  propeller  and  conventional  propeller  tests  the  rudders 
should  be  installed  in  both  the  behind  and  open  water  tests.  Duct  and  screw 
thrust  should  be  measured  and  scaled  separately.  Hull  factor  analysis  should 
be  based  on  the  total  thrust  of  the  system. 
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Findings 

From  the  comparative  propeller  vibratory  shaft  force  calculations  that  have 
been  made  it  is  concluded  that  several  of  the  methods  have  given  satisfactory 
results.  It  is  expected  that  these  methods  will  be  satisfactory  in  other 
situations  but  no  final  conclusions  can  be  drawn  with  respect  to  their  validity 
in  cases  when  high  reduced  frequencies  are  Involved. 
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1.5  The  prediction  of  full-scale  wake  distributions  from  Model  distributions  has 
Met  with  scms  success  but  More  work  Is  considered  necessary  in  this  area. 

1.6  Wake  scale  effect  is  iaportant  in  the  case  of  propeller  cavitation  induced 
pressures  in  soms  situations. 

1.7  A Msthod  for  the  experimental  determination  of  cavitation  tunnel  wall  effect 
due  to  pressure  wave  reflections  has  been  developed,  but  verification  in  a 
nuaber  of  test  facilities  Must  be  Made  before  this  Method  can  be  generally 
adopted.” 

These  findings  deal  with  propeller  vibratory  forces,  wake  distribution  scale 
effect,  and  model  test  techniques  for  ducted  and  open  propellers.  A significant 
aMOunt  of  work  has  been  reported  since  the  14th  ITTC  in  both  of  the  first  two  areas 
and  soms  unexpscted  results  have  been  obtained  which  will  be  discussed  in  the  following 
paragraphs.  The  RBCOM4BNDATIONS  Made  by  the  14th  ITTC  Propeller  CooMlttee  as  they 
appear  in  Volume  1 of  the  14th  ITTC  Proceedings  are  shown  below. 

"2.  Recommendations 

2.1  Work  should  be  continued  to  produce  acceptable  Methods  of  scaling  Model  wake 
distributions  and  theoretically  calculating  wakes.  In  conjunction  with  this 
attenpts  should  be  asde  to  account  for  propeller  induction  on  the  wake.  To 
aid  with  this  work  it  is  recommended  that  instrumentation  be  developed  capable 
of  measuring  unsteady  and  turbulent  flow,  and  propeller  induction.  Mean  wake 
scale  effect  is  excluded. 

2.2  Methods  of  calculating  pressure  distributions  on  propeller  blades  in  uniform 
and  nonunlfora  flow  should  be  evaluated  and  compared  with  the  aim  of  giving 
guidance  to  the  Conference  on  the  applicability  of  these  Methods.  Consideration 
should  also  be  given  to  calculating  secondary  flows,  boundary  layer  development, 
scale  effect  and  cavitation  patterns.  In  connection  with  this  recaaswndation 
appropriate  instrumentation  and  experimental  techniques  should  be  developed 

and  confirmatory  experiments  perforated. 

2.3  Methods  should  be  developed  for  the  accurate  and  reliable  prediction  of  propeller 
induced  fluctuating  pressure  forces  for  full-scale  ships  based  on  model  measure- 
ments and  theoretical  techniques.  Together  with  existing  Methods  for  the 
calculation  of  unsteady  shaft  forces  this  should  lead  to  the  production  of 
criteria  for  acceptable  levels  of  propeller  induced  excitstion.  In  this 
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connection  the  Committee  should  contact  the  ISSC  with  a viaw  to  cooperating 
with  thea  on  the  question  of  hull  response. 


2.4  The  effect  of  cavitation  and  air  drawing  on  ship  hull  propulsion  factors  and 
propeller  performance  should  continue  to  be  studied.  Also  attempts  should  . 
be  made  to  obtain  experimental  information  on  the  effect  of  cavitation  on 
propellers  operating  in  transitory  modes  such  as  when  accelerstlng  or  decelera- 
ting ships  in  various  manoeuvering  situations. 

2.5  The  operation  of  thrusters  on  dynamically  positioned  vessels  have  associated 
interaction  and  noise  problems  and  the  Committee  should  consider  and  report 
on  model  experiment  techniques  for  assessing  these  aspects  of  performance. 

2.6  The  Committee,  should  continuouly  review  the  performance  prediction  techniques 
of  marine  propulsion  devices  other  than  conventional  screw  propellers.  Par- 
ticular attention  should  be  paid  to  special  testing  problems  associated  with 
the  following  devices:  ducted  propellers,  controllable  pitch  propellers 
(spindle  torque) , vertical  axis  propellers,  overlapping  propellers,  contra- 
rotating propellers  and  high-speed  propulsion  devices." 

These  recommendations  continued  to  emphasise  the  problems  of  wake  distribution 
scale  effect,  but  the  emphasis  on  propeller  vibratory  forces  shifted  from  shaft  forces 
to  the  so-called  pressure  foroes  or  surface  forces  acting  on  the  hull  and  appendages, 
ttphasis  was  slso  placed  on  the  development  of  criteria  for  the  acceptable  level 
of  propeller-induced  vibratory  forces  based  on  the  principle  that  towing  tank  superin- 
tendents should  be  able  to  advise  the  customer  with  regard  to  whether  the  excitation 
M predicted  by  his  establishment  are  likely  to  cause  problems  for  the  ship 
operator.  Considerable  dlscuaslon  of  this  recommendation  took  place  at  the  final 
session  of  the  14th  1TTC  with  the  result  that  the  members  voted  to  adopt  the  recommen- 
dation even  though  the  task  is  likely  to  be  a difficult  one. 

As  is  almost  invariably  the  case,  a certain  amount  of  overlap  between  the 
work  of  the  Propeller  Committee  and  two  other  ITTC  Committees,  the  Cavitation  Cowittee 
and  the  Performance  Committee,  was  found  to  exist.  This  overlap  is  shown  in  Table 
1.  Three  of  the  Propeller  Committee  recommendations  are  seen  to  overlap  four  of 
the  Performance  Committee  recommendations  snd  five  of  the  Propeller  Committee  recom- 
mendations overlap  five  of  the  Cavitation  Committee  recommendations.  The  recommenda- 
tions of  the  14th  ITTC  Propeller  Committee  to  develop  methods  for  calculating  secondary 
flows,  boundary  layer  development,  scale  effect,  and  cavitation  patterns  (see  Recomaen- 
datlons  2.2  above)  was  not  included  in  Tsble  1.  It  was  subsequently  decided,  however, 
that  the  Cavitation  Committee  would  take  the  responsibility  for  the  prediction  of 
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cavitation  patterns.  The  descriptions  of  the  tasks  ultimately  s« lac  tad  by  tbs  15th 
ITTC  Propeller  Coaailttee  are  presented  in  Table  2.  A review  of  the  work  of  the  Pro- 
peller Committee  to  date  on  these  tasks  follows  and  is  supplemented  by  a description 
of  recent  related  work  at  DTNSRDC  as  well  as  commentary  on  selected  topics. 

TABU  1 - PROPOSED  TASKS  FOR  THE  PROPELLER  COMMITTEE  OP  THE  15TB  ITTC 


I 


Teak 

covering 

Recommendations 

PropjPerf |Cav 

XV.  Effect  of  Cavitation  and  Air  Drawing  on  Ship 

Bull  Propulsion  Factors  and  Propallar  Performance 

A.  Interaction  of  a cavltating  propeller  with 

a ship's  hull  and  the  effect  on  thrust  de- 
duction and  wake  fraction 

2.4 

B.  Effect  of  cavitation  on  conventional  and 

ducted  propeller  performance 

2.4 

2 

C.  Effect  of  air  drawing  on  propeller 

performance 

2.4 

D.  Effect  of  cavitation  on  propellers 

operating  in  transitory  nodes,  i.e., 

nanoeuvers,  acceleration,  deceleration,  etc. 

2.4 

V.  Thrusters  on  Dynamical  Positioning  Vessels 

A.  Assessment  of  model  experimental  techniques 

for  predicting  full-scale  thruster  perform- 
ance on  dynamical  positioning  vessels 

2.5 

3 

B.  Model  experimental  techniques  for  assessing 

Interaction  of  thrusters  on  dynamical 

positioning  vessels 

2.5 

3 

C.  Model  experimental  techniques  for  assessing 

noise  of  thrusters  on  dynamical  positioning 

vessels 

2.5 

3 

7 

VI.  Marine  Propulsion  Devices  Other  Than  Gonven- 

tional  Screw  Propellers 

A.  Assessment  of  special  testing  problems 

associated  wlthi 

1.  Ducted  propellers 

2.6 

! 2.  Controllable-pitch  propellers 

2.6 

3.  Cycloidal  propellers  (Vertical  Axis) 

2.6 

4.  Overlapping  propellers 

2.6 

5.  Contrarotating  propellers 

2.6 

- 

6.  High-speed  propulsion  devices 

2.6 

5 

7.  Highly-skewed  propellers 

2.6 

VII.  Other 

A.  Effect  of  blade  roughness  on  propeller  lift 

and  drag 

7 

I 
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TABU  2 - TASKS  VO*  THE  PKOPELLB  COMMITTEE  Of  THE  15TH  ITTC 


A.  Effect  of  propeller  Induction  on  the  wake. 

B.  Predicting  full  ecele  nominal  and  effective  wake 
distributions  from  the  model  wake  (Haailnal  wake 
distribution  is  the  distribution  without  the  propeller. 
Effective  wake  distribution  is  the  distribution 

with  the  propeller,  but  with  the  propeller-induced 
velocities  subtracted  out) . This  task  includes 
theoretical  prediction  of  wakes. 

C.  Testing  techniques  and  instrumentation  for  model 

and  full-scale  wake  measurement,  and  testing  techniques 
for  producing  full-scale  wakes  in  model-testing 
facilities. 

Theoretical  prediction  of 


A.  Evaluation  and  comparison  of  methods  for  predicting 
propeller  blade  pressure  distributions. 

B.  Evaluation  of  prediction  techniques  for  single 
blade  forces,  bending  moments  and  spindle  torques, 
including  steady  as  well  as  unsteady. 

Her  induced  vibratory  forces 


A.  Assessment  of  theoretical  procedures  for  predicting 
propeller  Induced  pressure  forces. 

B.  Assessment  of  model  experimental  procedures  for 
predicting  propeller  induced  pressure  forces,  including 
problems  with  tunnel  wall  effects. 

C.  Development  of  criteria  for  acceptable  levels  of 
propeller  induced  excitation. 

Kffect  of  cavitation  and  air  drawing  on  ship  hull 


Is ion  factors  and 


rforaance 


A.  Interaction  of  a partially  cavltating  propeller 

with  a ship's  hull  and  the  effect  on  thrust  deduction 
and  wake  fraction  (ship  speeds  < 30-35  knots) . 

B.  Scaling  of  air  injection  on  ducted  propellers. 
Thrusters  on  dynamical  positioning  vessels 


A.  Assessment  of  model  experimental  techniques  for 
predicting  full-scale  thruster  performance  on  dynamical 
positioning  vessels,  including  problems  of  air  drawing 

B.  Model  experimental  techniques  for  assessing  interaction 
of  thrusters  on  dynamical  positioning  vessels. 


Marine  propulsion  devices  other  than  conventional 
>ctw  propeller-special  tasting  problems 

A.  Ducted  propellers 

B.  Controllable-pitch  propellers 

C.  Cycloidal  propellers 

D.  Overlapping  propellers 

B.  Contrarotating  and  tandem  propellers 

F.  Highly-skewed  propellers 

6.  Very  low  rpm,  semi-ducted  propellers 

H.  Ducted  air  propellers 

I.  Propellers  in  ice 
Other 

A.  Effect  of  viscosity  and  blade  roughness  on  propeller 
lift  and  drag 


Task  Z.  - Wake  Scale  Effects  (Including  Propeller  Induction  Effects) 

The  problem  of  wake  scale  effect  due  to  differences  in  model  and  full  scale 
Reynolds  number  and  surface  roughness  has  been  of  concern  for  a long  time  and  the 
associated  problem  of  the  effect  of  propeller  induction  on  the  wake  is  of  similar 
concern  to  naval  architects  and  propeller  designers.  The  Propeller  Committee  has 
compiled  a list  of  some  of  the  literature  on  the  subject<1>_*24> . The  first  16  of 
these  deal  with  the  effect  of  the  propeller  on  the  wake  while  the  last  8 are  primarily 
Japanese  works  on  various  aspects  of  the  wake  field. 

Different  characteristics  of  the  wske  are  important  to  various  propeller  per- 
formance characteristics.  If  one  thinks  of  the  harmonic  analysis  of  the  wake,  then 
the  seroth  harmonic  or  circumferential  mean  velocity  is  important  in  determining 
the  radial  distribution  of  pitch  and  camber  to  give  the  desired  time  average  thrust 
and  torque  characteristics.  The  first  harmonic  determines  the  steady  side  forces 
and  shaft  bending  moments,  the  blade  number  harmonic  and  its  multiples  determine 
the  blade  frequency  thrust  and  torque,  and  the  harmonics  immediately  above  and  be lev 
the  blade  number  harmonics  determine  blade  frequency  side  forces  and  bending  moments. 
Cavitation  and  the  unsteady  stresses  in  individual  blades  are  determined  by  all  the 
harmonics,  i.e.,  by  the  total  variation  in  velocity  around  the  propeller  disc. 

The  measured  velocity  st  any  point  in  the  propeller  disc  is  usually  repeatable 
to  within  +1  percent  or  perhaps  +2  percent  of  the  free  stream  (ship)  speed,  some 
region  of  the  wake  being  more  unsteady  than  others.  This  level  of  precision  (repeat- 


1.  Numbers  in  parentheses  denotes  references  listed  on  page  11 


ability)  la  generally  sufficient  for  tha  calculation  of  those  propeller  characteristics 
which  depend  on  either  the  totql  variation  in  velocity  (radial  load  distribution# 
mean  and  unsteady  stress,  cavitation)  or  the  larger  amplitude  haraonics  (steady  side 
forces,  blade  frequency  forces  and  moments  for  2,  3,  or  4 bladed  propellers).  However , 
the  data  available  to  date  indicates  that  a significant  improvement  in  the  precision 
of  wake  survey  techniques  will  be  neceseary  in  order  to  properly  determine  that 
amplitude  and  phase  angle  distribution  of  the  low  amplitude  haraonics  and  the  effects 
of  Reynolds  nunber , roughness,  and  propeller  induction  on  these  haraonics. 


•edlction  Of  Propeller  Performance 


A.  Propeller  Blade  Pressure  Distribution 


The  Propeller  Ccasilttee  is  presently  in  the  process  of  gathering  theoretical 
predictiona  of  propeller  blade  pressure  distributions  fraai  a nunber  of  institutions. 
Pressure  distribution  measurements  on  a three-bladed,  610  am  disaster  propeller  are 
being  conducted  in  the  high  speed  towing  basin  at  DTNSRDC  in  uniform  flow  and  with 
the  shaft  inclined  to  the  flow.  The  pressure  transducers  are  of  the  strain  gage 
type  and  are  recessed  into  the  blade  surface.  A 1 na  diameter  hole  the  gage  to  sense 
the  surface  pressure.  The  blades  can  be  adjusted  to  any  desired  pitch  setting  and 
all  four  combinations  of  speed  of  advance  and  rpa  (+V,+N)  can  be  run.  The  results 
of  these  measurements  should  prove  very  useful  in  developing  methods  for  the  pre- 
diction of  propeller  blade  loading  in  all  four  quadrants  of  propeller  operation  and 
in  explaining  the  discrepancies  between  theory  and  experiment  in  the  prediction  of 
single  blade  forces  in  inclined  flow  to  be  discussed  in  the  following  section. 


'indie 


A review  of  the  state  of  the  art  in  this  area  has  been  conducted  by  Prof.  Dr. 
-Ing  H.  Jartyna  in  which  a number  of  references  are  cited (25)~(54) . The  basic  conclu- 
sion is  that  the  available  theoretical  models  are  adequate  for  the  prediction  of 
bending  moments  and  spindle  torque  in  the  design  condiiton,  but  that  problems  may 
be  encountered  at  off  design  conditions,  particularly  when  the  pitch  of  controllable- 
pitch  propeller  blades  is  being  rapidly  changed. 

Recent  work  conducted  at  DTNSRDC  has  indicated  that  the  unsteady  blade  forces 
and  moments  are  predicted  reasonably  well  by  theoretical  methods  and  that  they  are 
proportional  to  the  product  of  propeller  rotational  speed  and  advance  speed  when 
the  velocity  variation  is  due  to  the  axial  component  of  velocity  (Findings  1.1  and 
1.3  of  the  14TH  ITTC  Propeller  Committee).  However,  this  same  work  indicates  that 
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th«*e  quantities  are  not  well  predicted  by  theory  Cor  propellers  operating  in  inclined 
Clow  where  the  tangential  velocity  variation  is  primarily  responsible  Cor  the  variation 
in  angle  of  attack  and  loading.  This  work  is  discussed  brieCly  in  the  next  paragraphs. 

Tha  first  work  at  DTNSRDC  in  SMasuring  single  blade  forces  in  inclined  Clow 
was  done  by  Boswell ^ in  which  the  six  components  oC  Cores  and  moment  acting 

on  a single  blade  behind  a model  hull  were  measured.  The  measured  results  in  terms 
oC  the  bending  moment  at  the  40  percent  radius  are  shown  in  Figure  1 and  are  compared 
to  Cull  scale  data  obtained  Crom  strain  gages  mounted  on  the  blade  surCace.  The 
wave  Corns  are  not  identical  but  the  peak-to-peak  amplitude  is  approximately  the 
same  in  the  ship  and  model.  Figure  2 shows  a comparison  oC  the  same  model  data  with 
theoretical  predictions  using  the  quasi-steady  method  oC  McCarthy (57>  and  the  unsteady 
liCting  surCace  method  of  Tsakonas(58) . Both  methods  predict  significantly  lower 
peak-to-peak  amplitudes. 

This  was  initially  thought  to  be  due  to  a propeller  hull  interaction  mechanism 
which  was  not  being  accounted  for  inasmuch  as  the  wake  field  used  to  make  the  pre- 
diction of  the  unsteady  forces  is  always  measured  without  the  propeller.  However, 
subsequent  experiments  with  a propeller  in  open  water  with  a shaft  inclination  angle 
of  10  degrees  showed  that  the  discrepancy  between  theory  and  experiment  still  existed. 

A thin,  flat  plate  aligned  with  the  flow  direction  had  little  effect  on  the  unsteady 
forces  when  brought  near  the  propeller  (to  within  approximately  1 cm  of  the  blade 
tip).  The  forces  measured  over  a range  of  advance  coefficient  were  not  proportional 
to  the  product  of  rotational  speed  and  advance  speed.  Efforts  are  currently  underway 
to  determine  why  the  theoretical  prediction  methods  are  not  correctly  predicting 
the  experimental  results. 

Task  III.  — Propeller -Induced  Vibratory  Forces 


*•  Assessment  of  Theoretical  Procedures  for  Predicting 
Propeller  Induced  Pressure  forces 


no  work  in  this  area  has  been  reported  as  yet  by  the  Committee.  Some  exploratory 
experimental  work  has  been  conducted  at  DTNSRDC  (sponsored  jointly  by  the  U.S. 

Maritime  Administration  and  the  American  Bureau  of  Shipping)  in  which  the  blade- 
frequency  force  and  pressures  acting  on  the  upstream  and  of  an  ellipsoidal  body  due 
to  a nearby  propeller  were  measured.  The  experimental  results  were  in  reasonable 
agreement  with  the  theoretical  prediction  made  by  Dr.  Vorus(59,of  the  University 
of  Michigan.  Dr.  Breslin  of  the  Stevens  Institute  of  Technology  is  currently  in 
the  process  of  making  predictions  for  the  same  body.  This  work  has  not  yet  been 
completed.  It  is  hoped  to  extend  it  to  more  realistic  shapes  and  to  Include  cav- 
itation effects  in  the  future. 
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B.  Assessment  of  Model  Experimental  Procedures  for 


Predicting  Propeller  Induced  Pressure  Forces, 

Including  Problems  with  Tunnel  Wall  Bffacta 

Tha  work  of  the  Committee  on  thla  taak  la  continuing  and  a aurvey  of  the  liter- 
ature on  the  subject  will  be  prepared.  A recent  paper  by  Chiba  and 

(90) 

Bosh i no  on  the  same  subject  waa  alao  noted. 

C.  Development  of  Criteria  for  Acceptable  Levels 
of  Propeller  Induced  vibration 

The  Committee  haa  sent  sixty-eight  Inquiries  requesting  information  on  this 
topic  and  twelve  replies  had  been  received  at  the  time  of  the  March  1977  Ccaaiittee 
meeting,  but  at  least  six  or  seven  more  are  expected. 

Taak  IV.  - Effect  of  Cavitation  and  Alt  Drawing  on  Ship 

Hull  Propulsion  Factors  on  Propeller  Performance 

A.  Interaction  of  a Partially  Cavitatlng  Propeller 
with  a Ship's  Hull 

This  taak  is  being  prepared  by  the  Propeller  Committee  for  the  Cavitation  Com- 
mittee, but  little  information  on  the  subject  has  been  found  to  date.  Further  in- 
quiries are  being  made. 

B.  Scaling  of  Air  Inlection  on  Ducted  Propellers 

Or.  Huse  (Trondheim)  has  prepared  a report  cn  this  topic  based  on  the  model 
and  full  scale  work  that  has  been  completed.  Dr.  Huse  reports  that  more  than  10 
ships  have  had  duct  air  injection  systems  installed.  A scaling  law  is  derived  based 
on  the  assumption  that  the  relative  volume  increase  of  the  cavity  should  be  the  same 
for  model  and  ship.  If  this  is  true,  then  the  scaling  law  is: 

QS-«m-  (W3- 

where  Q - volume  flow  rata  of  air, 

n - propeller  rotational  speed, 

\ “ scale  ratio  between  model  and  ship,  and 
s,m  - subscripts  indicating  ship  and  model,  respectively. 
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Dr.  Hum  reports  that  full  scale  experience  has  indicated  that  this  scaling  law  appears 
to  slightly  over  estlaate  the  amount  of  air  required  to  avoid  erosion  in  full  scale, 
that  there  is  no  effect  on  propulsive  efficiency,  that  high  frequency  noise  is  atten- 
uated, and  that  low  frequency  exciting  forces  and  vibration  showed  a slight  increase. 
Two  references  to  work  in  this  field  are  cited*91'92* . 

Experiments  will  be  conducted  in  the  near  future  at  DTNSRDC  to  explore  the 
feasibility  of  extending  this  concept  to  conventional  propellers. 

Task  V.  - Thrusters  on  Dynamical  Positioning  Vessels 

k state  of  the  art  report  on  model  experimental  techniques  for  these  thrusters 
is  being  prepared  by  Dr.  English  of  the  National  Physical  Laboratory.  Dr.  English 
cites  a large  volume  of  literature  on  this  subject (93> '(117* . 

Task  VI.  - Marine  Propulsion  Devices  Other  Than  Conventional 
Screw  Propeller  - Special  Testing  Problome 


Wie  Committee  members  are  in  the  process  of  preparing  statements  on  this  task 
and  no  definite  results  are  available  at  this  time. 

Task  VII.  - Effect  of  Viscosity  and  Blade  Roughness  on  Propeller 
Lift  and  Drag 


Mr.  Rader  is  preparing  this  report  and  no  definite  results  are  available  at 
this  time. 
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Figure  1 - Variation  of  Bending  Moment  at  40  Percent  Radius  With  Blade 
Angular  Position,  Comparison  of  Model  Data  and  Scale  Data 
(Figure  29  of  Reference  56) 
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INTRODUCTION 

Powering  characteristics  of  a full-scale  ship  - propeller  thrust,  shaft 
horsepower,  and  the  rate  of  revolution  - are  usually  derived  from  the  results  of 
model  tests.  The  ship  models  are  tested  in  the  towing  tank  at  Reynolds  numbers  which 
are  typically  two  orders  of  magnitude  less  than  those  occurring  at  full-scale. 
Furthermore,  if  the  radius  of  the  propeller  is  less  than  the  boundary-layer  thickness 
at  the  propeller  location,  the  nominal  wake  distribution  for  the  full-scale  ship  is 
expected  to  be  different  from  the  nominal  wake  distribution  on  the  model.  This 
dlfference  ia  cali*d  the  seale  effect  of  the  wake.  The  nominal  wake  distribution  is 
measured  in  the  absence  of  the  propeller  by  a standard  wake  rake. 

With  a propeller  operating  the  flow  over  the  ship  stern  is  normally  accelerated. 
The  mutual  interaction  of  the  propeller  and  the  nominal  wake  results  in  a new 
resultant  velocity  distribution.  An  effective  velocity  distribution  is  defined  to  be 
the  resultant  velocity  distribution  with  the  propeller  in  operation  minus  the 
propeller-induced  potential  flow  velocity  profile.  The  effective  wake  is  an  important 
input  to  propeller  design  and  is  essential  for  the  correct  prediction  of  powering, 
cavitation  performance,  and  unsteady  forces. 

The  present  review  covers  two  subject  areas:  (l)  scale  effect  on  the  wake,  and 
(2)  propeller  induction  on  the  wake.  Although  there  has  been  extensive  literature 
devoted  to  these  two  topic  areas,  only  a few  papers  advance  our  basic  understanding 
of  the  physics  of  the  ship  wake.  Much  more  research  work  remains  to  be  done  in  order 
to  predict  the  full-scale  ship  wake  from  the  measured  model  nominal  wake. 


SCALE  EFFECT  ON  SHIP  WAKE 

The  mean  nominal  wake  fraction  measured  in  the  absence  of  the  propeller  and  mean 

effective  wake  fraction  derived  from  the  propeller  open-water  and  behind-the-hull 

experiments  on  six  different  scale  models  of  Victory  Ships  were  found  by  Van  Manen 

and  Lap1 *  to  decrease  with  increasing  scale.  Significant  scale  effect  on  the  wake 

2 

fraction  of  eleven  super-tankers  was  found  by  Yazaki  and  Yokoo  . The  mean  effective 
wake  fractions  derived  from  the  standardization  speed  trials  of  these  super-tankers 
were  found  to  be  smaller  than  those  measured  on  the  models  by  values  scattered  between 
0.05  and  0.15.  Nilsson  and  Raestad3  reported  that  the  trial  results  of  the  propeller 
rpm  of  their  fleet  of  35,000-ton  tankers  were  about  higher  than  the  results 
derived  from  the  model  tests.  In  eight  classes  of  large  tankers  built  at  Kockums 
(1*0,000  to  350,000  tons),  model  tests  always  under-predicted  propeller  rpm.  The 
measured  higher  full-scale  rpm  than  that  predicted  from  the  model  test  may  be  partially 
caused  by  the  scale  effect  on  the  wake.  The  difference  in  wake  distribution  between 
full-scale  and  model  may  also  present  serious  problems  to  the  prediction  of  full-scale 
cavitation  and  vibratory  forces  from  the  corresponding  model  tests  if  no  appropriate 
correction  is  made  to  account  for  this  difference. 

Most  towing  tanks  have  their  own  empirical  approaches  to  account  for  the  Beale 
effect  on  the  wake  between  the  model  and  full-scale.  Some  empirical  methods  were 
published  in  the  proceedings  of  the  ITTC  and  a comprehensive  review  of  various 
approaches  was  made  by  Dyne\  The  empirical  method  proposed  by  Sasajima  and  Tanaka5 
was  the  first  attempt  to  extrapolate  the  nominal  wake  distribution  measured  on  the 
model  to  the  full-scale  ship.  Their  method  assumed  that  the  frictional  component  of 
the  wake  varied  linearly  with  the  flat-plate  frictional  coefficient,  which  is  a rough 
two-dimensional  approximation.  The  method  of  Sasajima  and  Tanaka5  is  to  derive  an 
approximated  full-scale  nominal  wake  from  the  measured  model  nominal  wake.  The  effect 
of  propeller  induction  was  not  considered  in  their  method.  However,  most  applications 
(i.e.  Dyne®)  used  the  derived  nominal  wake  as  the  effective  wake  distribution  for  the 
full-scale  ship. 

A brief  outline  is  repeated  below  of  the  derivation  of  a simplified  wake-scaling 

6 7 

formula  used  by  Sasajima  and  Tanaka  given  by  Huang  and  Cox  . Strictly  speaking,  even 
for  a turbulent  boundary  layer  along  a flat-plate,  the  well-known  laws  of  the  wall  and 
wake®  cannot  be  brought  into  a power  law.  However,  for  a given  value  of  Reynolds 
number,  the  velocity  profile  of  a two-dimensional  flat -plate  turbulent  boundary  layer 
can  be  crudely  approximated  by: 

1 

* l-w(y)  - (^)n 
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where  u is  the  longitudinal  velocity  along  x,  w is  the  wake  fraction,  V is  the 
X “ 

ship  speed;  y is  the  transverse  distance,  6 is  the  boundary-layer  thickness,  and  the 
constant  n increases  slightly  with  increasing  Reynolds  number.  In  this  case  the  total 
(functional)  resistance  coefficient  becomes 


CF  " 2x  Jo  d^  “ (n+l)(n+2)  x 


(2) 


which  implies  that  6 is  proportional  to  CL,  for  a fixed  value  of  n.  Therefore,  a 

* 1 

similarity  form  of  the  solution  for  the  — - power  velocity  profile  when  n. is  fixed 


may  be  approximated  by 


8 r 


(3) 


If  the  velocity  profile  is  known  (either  from  measurement  or  computation)  at  a given 
Reynolds  number,  the  velocity  profile  can  be  obtained  for  other  Reynolds  numbers  if 


n is  assumed  to  have  a fixed  value.  For  a given  value  of  ux/Va  or  w.  Equation  (3) 


states  that  the  coordinate  of  the  velocity  profile  is  shifted  by 


CF 


(-) 

0 = -P  0 - c 

x s ,6,  X m CF 
x m m 


8 0 
x m 
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where  the  subscripts  m and  s denote  the  values  corresponding  to  the  model  and 
full-scale  ship,  respectively. 

As  for  the  flat  plate,  if  the  frictional  component  of  the  axisymmetric  nominal 
velocity  profile  at  the  propeller  disk  is  assumed  to  follow  a ^ - power  law,  then  the 
frictional  resistance  coefficient  is  related  to  boundary-layer  thickness  by 


d2  f 1 . ]jc  r ,r.  n df.  xf. 

Cf“sJo^1~V^V  6 d0  (2n+l)(2n+2)  2 S 

8 8 X 


(5) 


where  r is  radial  distance  and  S is  the  surface  area  (the  value  of  x /S  is  identical 
for  model  and  ship).  In  demonstrating  gross  axisymmetric  effect,  we  have  neglected 
the  variation  of  static  pressure  across  the  boundary  layer  and  pressure  resistance. 
In  this  case  the  radial  distance  of  the  full-scale  nominal  velocity  profile  is 
shifted  frcm  the  radial  distance  of  the  measured  model  nominal  velocity  profile  by 

0. 


X s 


- 0. 


x m 


(6) 
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; 


— 


Accurate  turbulent  boundary- layer  computation  methods  do  exist  for  two-dimensional 

g 

and  axisymnetric  flow.  The  Douglas  CS  differential  boundary-layer  method,  modified 

to  account  for  the  effects  of  transverse  curvature,  and  boundary-layer  and  wake 

displacement^ have  been  used  to  check  the  validity  of  the  simple  empirical 

relationships  of  equations  (U)  and  (6)  by  Huang  and  Cox  . Figure  1 shows  the 

o 

comparison  of  the  computed  profiles  by  the  Douglas  CS  method  and  the  empirical 

9 

method.  Equation  (4)  was  used  to  calculate  the  profile  for  R * 3 x 10  from  the 

“a 

profile  predicted  by  the  Douglas  CS  method  at  a lower  model  Reynolds  number 

R ■ 6 x 10^.  If  the  flat-plate  empirical  method  were  adequate,  then  Curve  II  should 

nm  q 

be  a good  approximation  of  Curve  I which  was  computed  by  the  Douglas  CS  method. 

Figure  2 shows  the  comparison  of  the  theoretically  computed  and  empirically  calculated 
profiles  for  an  axisyametric  body.  It  is  obvious  from  Figure  2 that  the  flat-plate 
empirical  method  (Equation  (4) ) is  not  suitable  for  calculating  the  scale  effect  on  an 
axisymnetric  thick  stern  boundary  layer.  The  axisymnetric  empirical  method 
(Equation  (6))  yields  a somewhat  better  approximation  of  the  theoretically  computed 
profile. 

The  scale  effect  for  U-shaped  ships  with  significant  bilge  vortex  formation  was 
12 

investigated  by  Huse  . The  bilge  vortices  were  considered  as  a separate  contribution 

12 

to  the  total  wake  distribution.  Huse  simulated  the  full-scale  stem  flow  by  applying 
boundary- layer  suction  at  the  ship  stem.  Under  this  condition  the  bilge  vortices 
were  displaced  downward  and  toward  the  center  plane  In  comparison  with  the  flow 
without  suction. 

Three-dimensional  boundary- layer  computation  methods  applicable  to  the  ship  stem 

13  14  15 

are  in  the  development  state  * ’ . A satisfactory  method  should  contain  a proper 

account  of  the  free  surface,  large  cross  flow,  transverse  curvature,  and  boundary- 
layer-wake  displacement  effects.  In  the  absence  of  appropriate  3-D  boundary-layer 
computation  methods,  empirical  methods  have  been  and  will  continue  to  be  used  to 
estimate  the  scale  effect  on  the  nominal  wake  distribution.  Wake  patterns  differ  from 
ship  to  ship.  In  some  cases  when  the  lines  of  iso-wake  are  more  similar  to  circles 
with  center  at  the  propeller  shaft  center  line,  the  axisymmetric  empirical  method 
would  appear  to  be  more  appropriate.  In  other  cases  vhen  the  lines  of  iso-wake  are 
more  similar  to  straight  lines  with  ship  center  plane  as  the  boundary,  the  flat-plate 
empirical  method  vould  appear  to  be  more  appropriate.  In  other  cases  vhen  the  iso-wake 
lines  are  not  so  simple,  perhaps  a linear  combination  of  flat-plate  and  axiaymetrlc 
empirical  methods  may  be  employed. 

PROPELLER  IHDUCTIOH  OH  SHIP  WAKE 

The  wake  distribution  measured  by  a standard  wake  rake  in  the  absence  of  the 
propeller  is  called  the  nominal  wake.  As  stated  earlier,  the  most  critical 
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information  for  the  wake-adapted  propeller  design  and  propeller  performance  prediction 

is  the  knowledge  of  the  effective  wake  which  is  different  from  the  nominal  wake.  The 

resultant  velocity  profile,  as  the  result  of  the  propeller /stern  boundary  layer 

interaction  minus  the  propeller  induced  potential  flow  velocity  profile,  is  the 

effective  velocity  profile  which  is  experienced  by  the  propeller  blades  in  producing 

the  local  thrust  and  torque.  Sometimes  the  effective  wake  distribution  for  the  model 

propeller  is  scaled  up  or  down  from  the  nominal  wake  distribution  measured  in  the 

absence  of  the  propeller  by  a constant  factor  which  is  the  ratio  of  the  Taylor 

thrust-identity  wake  fraction  to  the  measured  volume-mean  nominal  wake  fraction. 

The  influence  of  a stern-mounted  propeller  on  the  pressure  coefficient  and  the 

flow  field  past  different  bodies  of  revolution  and  a flat  plate  was  measured  by 

Hucho^^’^*^®,  although  no  attempt  was  made  to  actually  calculate  the  effective 

wake  distribution  from  the  nominal  wake.  The  Hucho  data  ’ ’ contain  a lot  of 

valuable  information  but  proper  analyses  and  comparison  with  theories  need  to  be  made. 

19  20 

Estimation  of  effective  wake  was  made  by  Raestad  , Nagamatsu  and  Sasajima  , and 
21  19 

Titoff  and  Otlesnov  . Raestad  takes  into  account  the  streamline  contraction  due 
to  the  propeller  induced  velocity  but  not  the  local  conservation  of  energy,  and  the 
effective  wake  is  not  properly  defined.  Since  the  propeller  induced  velocity  has 
not  been  subtracted  out  of  the  resultant  velocity,  the  Raestad  procedure  yields 
too  large  an  effective  velocity.  For  a propeller  operated  in  open  water,  the 
limiting  stream  annulus  with  the  radius  Rq  at  far  upstream  is  contracted  to  the 
propeller  radius  R . This  contraction  was  approximated  by  the  momentum  theory  by 

P 20 

Nagamatsu  and  Sasajima  , e.g.. 


(/)  = ‘S  [1  *J^T] 


where  is  the  thrust  loading  coefficient, 

CT  = 8T/[pVs2(l  - w )2  ixRp2)  = CT/(1  - w )2; 

w is  the  volume-mean  wake  fraction  which  was  assumed  to  be  the  volume-mean  average 

of  the  measured  nominal  wake  over  the  radius  R instead  of  R as  normally  done.  The 

o p 

computed  w was  found  to  agree  satisfactorily  with  the  effective  mean  wake  derived 

from  the  self-propulsion  experiments  of  a tanker  model  at  full  load,  and  a cargo 

ship  model  at  full  and  *s  load;  agreement  was  less  satisfactory  for  the  tanker  model  at 

20 

ballast  condition.  The  estimation  method  of  Nagamatsu  and  Sasajima  yields  the 
effective  mean  wake  fraction  only.  The  circumferential-average  radial  distribution  of 
the  wake,  which  is  an  important  input  to  the  wake-adapted  propeller  design,  cannot  be 
obtained  by  this  method. 


m 
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Titoff  and  Otlesnov  formulated  a procedure  to  derive  the  three-dimensional 
distribution  of  effective  propeller  Inflow  from  the  measured  distribution  of 
resultant  inflow  immediately  upstream  of  an  operating  propeller.  The  method  makes 
use  of  the  open  water  propeller  characteristics  and  a quasi-steady  approximation 
to  subtract  the  propeller  induced  velocity  from  the  measured  resultant  velocity  to 
obtain  the  effective  velocity.  The  resultant  inflow  velocity  distribution  with  the 
propeller  in  operation  is  not  measured  in  current  towing  tank  practice,  and  the 
quasi-steady  method  of  determining  the  velocities  induced  forward  of  a propeller 
through  open  water  tests  will  give  too  high  induced  velocities  in  the  high  wake 

regions  and  too  low  in  the  low  wake  regions. 

22 

Hoekstra  used  a stern-mounted  diffuser  to  simulate  the  influence  of  the 

\ 

propeller  suction  on  the  nominal  inflow  (similar  to  actuator  disk  representation). 

The  resultant  velocity  distribution  at  the  propeller  plane  was  measured  by  a five-hole 
pitot  tube.  Effective  velocity  fields  were  derived  from  the  measured  resultant 
velocity  field  with  the  diffuser-induced  velocity  field  subtracted  out.  The 
diffuser-induced  velocity  field  was  solved  approximately  by  potential- flow 
approximation.  The  diffuser  was  represented  by  an  axisymmetrical  vortex  sheet  of  a 
finite  length  in  a uniform  onset  flow  (nominal  inflow  was  assumed  to  be  uniform). 

The  vorticity  distribution  on  the  sheet  was  uniquely  determined  by  the  zero-normal- 
velocity  condition  at  the  sheet  and  the  Kutta  Condition  at  the  trailing  edge.  The 
velocity  field  induced  by  the  vortex  sheet  was  solved  by  the  law  of  Biot  and  Savart. 
For  the  purpose  of  relating  the  action  of  a given  diffuser  to  that  of  the  simulated 
propeller,  a fictitious  thrust,  equal  to  the  thrust  of  an  actuator  disk  which 
produced  the  same  upstream  flow  induction  as  the  diffuser,  was  introduced.  Thi» 
method  can  at  best  approximate  the  average  propeller  induction  and  cannot  represent 
the  radial  distribution  of  the  propeller  induction.  The  cost  of  manufacturing  the 
diffuser  may  also  hinder  further  practical  application. 

The  only  known  previous  effort  to  theoretically  address  the  problem  of  the 
propeller /stern  boundary  layer  interaction  is  due  to  Kelson , who  developed  an 
unpublished  computer  program  for  calculating  the  effective  wake  from  the  measured 
nominal  wake  and  static  pressure  distribution  across  the  boundary  layer. 

Both  the  nominal  velocity  profile  in  the  absence  of  a propeller  and  the 

resultant  velocity  profile  at  small  distances  upstream  of  an  operating  propeller 

were  measured  by  Laser  Doppler  Velocimeter  by  Huang'1' ^ et.  al..  An  inviBcid 

approximation  was  also  made  to  describe  the  hydrodynamic  interaction  between  a 

propeller  and  a thick  axisymnetric  boundary  layer  upstream  of  the  propeller.  The 
7 10 

inviscid  theory  * takes  into  account  the  contraction  of  the  stream  annulus  and 
assumes  that  the  total  energy  within  the  same  stream  annulus  remains  constant  with  and 
without  the  propeller  in  operation  (Figure  3).  The  resultant  velocity  profiles  were 
obtained  from  the  measured  circumferential-average  nominal  velocity  profile  and  the 
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circumferential-average  propeller-induced  axial  velocity  profile  calculated  by  using 

23 

a field -point  velocity  program  . In  current  propeller  design  and  performance 
prediction  practice  only  the  measured  nominal  velocity  profile  is  available.  The 
full-scale  nominal  velocity  profile  is  then  estimated  from  the  measured  model 
nominal  profile  as  discussed  in  the  previous  section.  In  order  to  compute  the  effective 
velocity  profile,  either  for  the  model  propeller  or  for  the  full-scale  propeller,  the 
invisdd  theory^’1®  can  be  applied  in  an  iterative  procedure.  A computer  program^** 
has  been  written  for  this  application. 

The  inviscid  theory  for  propeller/boundary-layer  interaction  so  far  is  limited 

to  axisymmetric  flow  and  can  only  be  applied  to  the  circumferential-average  wake. 

Further  research  is  necessary  to  solve  the  three-dimensional  propeller/wake 

T 10 

interaction.  The  comparisons  * of  inviscid  theory  end  LDV  measurements  have  been 
made  so  far  for  relatively  lightly  loaded  propellers  (C^  < l).  Additional  experiments 
are  required  to  validate  and  to  imporve  the  inviscid  theory  so  that  applications  to 
more  heavily  loaded  propellers  can  be  made  with  confidence. 

! I 

mi 

E j 

Wm  : 

t 


references 

; r v.  -V‘  • » *. ....  _•  j **ejl 


X.  Van  Manen,  J.D. , and  A.J.W.  Lap,  "Scale-Effect  FxperimentJ  on  Victory  Ships  and 
Models,"  Part  II  in  Transactions  of  the  Institution  of  Naval  Architects,  Vol. 
100,  pp.  374-395  (1958);  Parts  III  and  TV  in  Transactions  of  the  Royal 
Institution  of  Naval  Architects,  Vol.  104,  pp.  23-25  (1962). 

2.  Yazaki,  A.,  and  K.  Yokoo,  "On  the  Roughness  Allowance  and  the  Scale  Effect  on 
the  Wake  Fraction  of  Super  Tankers,"  Proceedings,  Eleventh  International  Towing 
Tank  Conference,  Tokyo,  Japan,  Performance  Session,  pp.  l6l-l6U  (1966). 


I 


3.  Nilsson,  0.,  and  K.  Raestad,  "Problems  in  Full  Scale  Propulsion  from  a Ship- 
builder's Viewpoint,"  Shipbuilding  Progress,  Vol.  23,  No.  266.PP*  342-352 
(Oct  1976). 

1*.  Dyne,  G.,  "On  the  Scale  Effect  on  Wake  and  Thrust  Deduction,"  Proceedings, 
Thirteen  International  Towing  Tank  Conference,  Berlin,  Hamburg,  West  Germany, 
Appendix  6,  Report  of  Performance  Committee,  Vol.  1,  (1972). 

5.  Sasajima,  H. , and  I.  Tanaka,  "On  the  Estimation  of  Wake  of  Ships,"  Proceedings, 
Eleventh  International  Towing  Tank  Conference,  Tokyo,  Japan,  Appendix  X, 
Performance  Session,  pp.  140-143  (1966). 

6.  D/ne,  G. , "A  Study  of  the  Scale  Effect  on  Wake,  Propeller  Cavitation  and 
Vibratory  Pressure  at  Hull  of  Two  Tanker  Models,"  Transactions , The  Society  of 
Naval  Architects  and  Marine  Engineers,  Vol.  82,  pp.  162-185  (1974). 

7.  Huang,  T.T.,  and  B.D.  Cox,  "interaction  of  Afterbody  Boundary  Layer  and  Pro- 
peller," presented  at  the  Symposium  on  Hydrodynamics  of  Ship  and  Offshore 
Propulsion  Systems , H<$>vik  outside  Oslo,  Norway  .(March  20-25,  1977). 

8.  Schlichting,  H.,  Boundary-Layer  Theory,  Sixth  Edition,  McGraw-Hill  Book  Co., 

New  York  (1968). 

9.  Cebeci,  T. , and  A.M.O.  Smith,  Analysis  of  Turbulent  Boundary  Lavers . Academic 
Press,  New  York,  1974. 

10.  Huang,  T.T. , H.T.  Wang,  N.  Santelli , N.C.  Groves,  "Propeller /Stern /Boundary 
Layer  Interaction  on  Axisymmetric  Bodies:  Theory  and  Experiment,"  DTNSRDC 
Report  76-0013,  (Dec  1976). 

11.  Wang,  H.T.,  and  T.T.  Huang,  "User's  Manual  for  a Fortran  IV  Computer  Program  for 
Calculating  the  Potential  Flow/Boundary  Layer  Interaction  on  Axisymmetric 
Bodies,"  DTNSRDC  Ship  Performance  Departmental  Report  SPD-737-01  (Dec  1976). 

12.  Huse,  E. , "Bilge  Vortex  Scale  Effect,"  presented  at  Symposium  on  Hydrodynamics 
of  Ship  and  Offshore  Propulsion  System,  H<(ivik  outside  Oslo,  Norway,  20-25  March, 
1977. 

13.  Cebeci,  T.,  K.  Kaups , and  J.  Ransey,  "Calculation  of  Three-Dimensional  Boundary 
Layers  on  Ship  Hulls,"  Proceedings  of  the  First  International  Conference  on 
Numerical  Ship  Hydrodynamics,  Gaithersburg,  Maryland,  pp.  409-433,  20-22 

(Oct  1975). 


108 


i ; 


T 


— 





l4.  Lars son,  L. , "A  Calculation  Method  for  Three-Dimensional  Turbulent  Boundary 
Layers  on  Shiplike  Bodies,”  Proceedings  of  First  International  Conference  on 
Numerical  Ship  Hydrodynamics , Gaithersburg,  Maryland,  pp.  385-408,  20-22 
(Oct  1975). 

15-  Tanaka,  I.,  and  T.  Suzuki,  "Examples  of  Calculation  of  Stern  Flow  Field  Using 
Boundary  Layer  Theory  Approach,"  Presented  at  Symposium  on  Hy dr ody nami cs  of 
Ship  and  Offshore  Propulsion  Systems,  H$vik  outside  Oslo,  Norway,  20-25 
(March  1977). 

16.  Hucho,  W.-H,  "Uber  den  Einfluss  einer  Heckschraube  auf  die  Druckverteilung  und 
die  Grenzschicht  eines  Rotationskorpers-Teil  II:  Untersuchungen  bie  hoheren 
Schubbelastungsgraden,  "Institut  Fur  Stromungsmechanik  der  Technischen  Hoch- 
schule  Branunschweig , Bericht  64/45  (1965). 

17.  Hucho,  W.-H,  "Uber  den  Zusammenhang  zwischen  Normalsog,  Reibungssog  und  dem 
Nachstrom  bei  der  Stromung  um  Rotationskorper ,"  Schiff  und  Hafen,  Heft  10, 
pp.  689-693  (196U). 

18.  Hucho,  W.-H,  "Untersuchungen  uber  den  Einfluss  einer  Heckschraube  auf  die 
Druckverteilung  und  die  Grenzschicht  Schiffsahnlicher  Korper,"  Ingenieur- 
Archiv  Vol.  XXXVII,  pp.  288-303  (1969). 

19.  Raestad,  A.E.,  "Estimation  of  Marine  Propeller's  Induced  Effects  on  the  Hull 
Wake  Field,"  Det  Norske  Veritas  Report  No.  72-3-M,  Chapter  1 (1972). 

20.  Nagamatsu,  T.  and  Sasajima,  T. , "Effect  of  Propeller  Suction  on  Wake,"  Journal 
of  the  Society  of  Naval  Architects  of  Japan,  Vol.  137,  pp.  58-63  (1975). 

21.  Titoff,  I.A.  and  Otlesnov,  Yu,  P. , "Seme  Aspects  of  Propeller-Hull  Interaction," 
Swedish-Soviet  Propeller  Symposium,  Moscow  (1975). 

22.  Hoekstra,  M. , "An  Investigation  into  the  Effect  of  Propeller  Hull  Interaction 
on  the  Structures  of  the  Wake  Field,"  presented  at  Symposium  on  Hydrodynamics 
of  Ship  and  Offshore  Propulsion  System,  H<j>vik  outside  Oslo,  Norway,  20-25 
(March  1977). 

23.  Kerwin,  J.E.,  and  R.  Leopold,  "A  Design  Theory  for  Subcavitating  Theory," 
Transactions  of  the  Society  of  Naval  Architects  and  Marine  Engineers,  V01.  72, 
pp.  294-355  (1964). 

24.  Huang,  T.T. , "User's  Manual  for  a Fortran  IV  Computer  Program  for  Calculating 
Propeller /St era  Boundary-Layer  Interaction  on  Axisymnetric  Bodies,"  DTNSHDC 
Ship  Performance  Department  Report  SPD-737-02  (Dec  1976). 


! 


OB 


Figure  2 —Theoretically  Computed  and  Empirically 

Calculated  Scale  Effect  on  Nominal  Axial 
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Fig.  3 — Definition  Sketch  for  Propeller  Stern  Boundary  Layer  Interaction 
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RECBJT  DEVELOPMENTS  IN  THE  ANALYTICAL  PREDICTION  OP  THRO ST  DEDUCTION 

by 

Bruce  D.  Co* 

David  M.  Taylor  Naval  Ship  Research  and  Development  Center 


INTRODUCTION 

The  added  resistance  arising  Cram  propeller-hull  interaction  is  a familiar 
concept  to  naval  architects.  Propellers  operating  in  close  proximity  to  ship  sterns 
normally  act  to  accelerate  the  flow  over  the  hull  afterbody.  For  sufficiently  fine 
forms  where  flow  separation  effects  are  minimal*  the  reduction  in  afterbody  pressure 
increases  the  hull  pressure  drag.  The  flow  acceleration  also  increases  the  wall 
shear  stress*  and  hence*  the  frictional  resistance.  The  net  result  is  that  the 
delivered  propeller  thrust  must  be  greater  than  the  hull  resistance  in  the  absence 
of  the  propeller. 

This  increase  in  resistance  due  to  propeller-hull  interaction  is  defined  in 
terms  of  the  thrust  deduction  fraction  t* 
t - (T-R^/T 

where  R^,  is  the  bare  hull  resistance  and  T is  the  propeller  thrust.  The  thrust 
deduction  must  be  known  in  advance  for  a propeller  design  to  meet  specified  pro- 
pulsion requirements.  Pending  the  development  of  adequate  theoretical  techniques 
for  predicting  the  thrust  deduction*  it  has  been  traditional  practice  to  conduct 
model  scale  resistance  and  propulsion  tests  using  a stock  propeller  with  principal 
characteristics  similar  to  the  envisioned  design.  This  approach  has  proven  reasonably 
satisfactory  for  many  conventional  designs.  However,  a large  number  of  experiments 
would  be  required  to  determine  the  effects  of  different  afterbody  forms,  propeller 
locations,  blade  geometries,  and  loading  characteristics.  Thus,  analytical  methods 
are  desireable  both  from  the  standpoint  of  evaluating  a given  propeller  and  hull 
design  and  for  economically  investigating  higher  efficiency  propeller-hull  configurations 
The  present  note  reviews  progress  in  developing  the  theory  and  numerical  techniques 
for  calculating  the  thrust  deduction.  Early  concepts  are  briefly  outlined  followed 
by  a description  of  recent  developments  based  on  propeller  lifting  surface  theory. 

The  usefulness  of  these  techniques  is  illustrated  by  results  obtained  for  deeply 
submerged  bodies.  Finally,  the  possibility  of  extending  the  analysis  to  surface 
ship  applications  and  different  propulsor  types  is  discussed. 


SUMMARY  OF  EARLY  THEORETICAL  DEVELOPMENTS 
Various  techniques  for  the  analysis  and  prediction  of  thrust  deduction  have 
been  reported  during  the  past  forty  years,  as  cited  in  the  comprehensive  bibliography 
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by  Nowacki  and  Sheraa3.  Dicknann2  was  the  firat  Investigator  to  provide  a reasonable 
analysis  of  the  interaction  force  between  a hull  and  propeller  based  on  potential 
flow  conaiderations.  To  represent  an  axisynnetric  body,  he  applied  the  Method 
of  discrete  singularties  on  the  body  axis  together  with  a single  point  sink  to 
represent  the  propeller.  With  this  nodel  it  was  possible  to  relate  the  thrust  deduction 
to  the  thrust  loading  coefficient,  CT,  and  potential  wake  fraction,  wp,  in  the 


t - (2wp)/(l+/T4^) 

During  the  1940's  aoMe  of  Dickmann's  ideas  were  extended,  as  outlined  by  Weinblua3 
in  his  survey  paper.  Korvin-Kroukovsky6  also  used  the  Method  of  singularities, 
but  represented  the  propeller  by  a constant-strength  sink  disc  and  corrected  the 
body  sources  to  account  for  the  propeller  Induced  flow  and  the  boundary  layer  dis- 
placement thickneas.  Breslin5  derived  a relatively  simple  relationship  between 
thrust  deduction  and  afterbody  forn  using  a doublet  distribution  based  on  slender- 
body  theory. 

Further  developMents  have  logically  followed  froa  advances  in  propeller  theory 

and  the  advent  of  high-speed  digital  computing  capability.  Thus,  Beveridge6  was 

the  first  to  apply  the  Douglas-Neunann  three-dinensional  flow  calculation  to  represent 

the  body.  In  a later  investigation,  Beveridge7  introduced  a sink-disc  with  radially 

varying  strength  derived  frOM  propeller  lifting-line  theory.  Based  on  this  Method, 

predictions  for  three  different  realistic  hull  forns,  including  one  surface  ship, 

coMpared  reasonably  well  with  experlnental  data.  Sinilar  techniques  have  also  been 

8 9 

applied  to  contrarotating  propellers  * . 

APPLICATION  OF  PROPELLHt  LIFTING  SURFACE  THEORY 
Recently  an  extended  treatnent  of  the  potential  flow  analysis  has  been  developed  ' 
which  differs  in  two  fundanental  respects  froM  previous  approaches.  First,  a More 
coMprehensive  and  realistic  representation  of  the  propeller  is  introduced,  based 
on  a lifting  surface  fornulation.  This  overccMes  the  linitations  of  the  sink-disc 
approxination  by  including  the  additional  effects  of  blade  thickness,  skew,  rake, 
and  chordwise  load  distributions.  As  such,  the  propeller  calculation  is  comparable 
in  scope  and  accuracy  to  currently  available  lifting-surface  design  Methods. 

Heretofore,  the  propeller  has  been  approximated  as  a sink-disc,  in  which  the 
disaster,  axial  location,  and  radial  distribution  of  loading  are  explicitly  represented. 
In  fact,  it  can  be  shown33  that  a sink-disc  of  strength  ^ (r) , 
t (r)  - (S/2W)  J*  (df*/dr’)  (l/r'tan^(r*)  dr* 

generates  the  circumferential  average  velocity  field  of  a Moderately  loaded  lifting- 
line  representation  of  a propeller  with  tip  radius  R,  bound  circulation Afr) , pitch 
angle^1(r),  and  z symmetrically  spaced  blades.  The  lifting  surface  effects  nay 
be  conveniently  regarded  as  corrections  to  this  lifting  line  representation.  These 
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corrections  ere  based  on  the  theory  end  numerical  Method  developed  by  Kerwin  ' 
in  which  blade  thickness  and  chordvlse  loading  are  represented  by  discretlsed  source 
and  vortex  singularities  distributed  over  the  surface  of  the  blade. 

Xn  previous  investigations  the  thrust  deduction  has  been  derived  (in  an  elegantly 
sixple  Manner)  by  applying  the  Legally  steady-flow  theorem  to  the  propeller  sink 
disc  singularities.  In  the  lifting  surface  formulation,  it  is  More  convenient  to 
consider  the  body  flow  directly.  Thus,  time-averaged  propeller  induced  velocities12 
and  Modified  hull  pressure  distributions  are  computed,  including  appropriate  corrections 
to  the  body  singularity  strengths.  The  interaction  force,  rx.  May  then  be  found 
by  integrating  the  hull  pressure, 

propeller  propeller 


or  by  applying  Lagally's  theoran  to  the  hull  singularities  f (£^) , 

'.■•f  biy  *■«?»>  VV  <■ 

surface 

where  is  the  propeller  induced  velocity  at  the  hull  boundary, 

The  foregoing  analysis  has  been  successfully  applied  to  deeply  submerged  bodies 
of  revolution10'11'14  where  cooper isons  with  direct  force  measurements  (model 
resistance  and  propulsion  tests)  and  with  measurements  of  afterbody  pressure  distribution 
show  excellent  agreement.  As  an  illustrative  exanple,  the  results  for  an  appended 
Series-58  model  are  summer ixed  in  Table  1.  Calculations  for  several  propeller- 
body  configurations  show  that  the  significant  contribution  is  over  the  last  20 
to  30  percent  of  the  body  with  more  than  half  of  the  Interaction  force  concentrated 
within  a distance  of  one  propeller  diameter.  Conventional  stern  appendages  contribute 
up  to  25  percent  of  the  total  thrust  deduction.  It  is  also  found  that  for  conventional 
propellers  the  lifting-surface  representation  predicts  10  to  20  percent  lower  thrust 
deduction  than  the  sink-disc  approximation.  For  highly  raked  propellers,  the  correction 
is  such  larger.  It  can  be  concluded  from  these  comparisons  that  the  potential  flow 
analysis  is  a sound  approach,  at  least  for  application  to  non-separating  hull 
forms.  Boundary  layer  measurements  by  Huang14  also  indicate  that  for  streamlined 
axisywetric  bodies,  the  increase  in  frictional  resistance  contributes  less  than 
5 percent  of  the  interaction  force.  This  suggests  that  the  thrust  deduction  is 
essentially  independent  of  scale  for  fine  forms. 

for  a selected  body,  parameteric  calculations  have  been  carried  out  to  determine 
the  role  of  propeller  diameter,  axial  position,  and  radial  distribution  of  loading15. 

The  results  show  that  propeller  diameter  has  less  Influence  on  thrust  deduction 
than  previously  inferred  from  stock  propeller  experiments.  Aft  displacement  of 
the  blades,  as  obtained  by  moving  the  propeller  aft  and/or  by  raking  the  blades, 
causes  marked  reductions  in  the  thrust  deduction,  as  illustrated  in  the  exasple 
of  Figure  1.  It  is  also  possible  to  reduce  the  thrust  deduction  by  loading  the 


propeller  nor*  heavily  toward  the  tip.  Additional  calculations  arc  planned  to 
study  the  affect  of  afterbody  fora  and  to  identify  high  efficiency  propeller-hull 
conflguraltons. 

PROSPECTS  FOR  SXT»8I0MS  OP  THE  THEORY 

The  analytical  aethod  has  been  developed  with  a view  to  aore  general  ship-pro- 
peller configurations.  POr  ducted,  contrarotating,  and  tandea  propulsora,  the 
calculation  of  Induced  velocities  on  the  hull  surface  aay  be  derived  in  the  saae 
aanner  as  for  the  single,  open  propeller.  For  exaaple,  in  the  case  of  a ducted 
propeller,  the  distribution  of  duct  loading  and  thickness  is  established  in  the 
course  of  design.  Based  on  appropriate  distributions  of  source  and  vortex  singularities, 
the  velocity  at  arbitrary  field  points  can  be  coaputed.  The  potential  flow  interaction 
analysis  should  be  equally  successful  in  these  applications  as  for  the  open  propeller. 

Recent  progress  in  the  coaputatlon  of  the  potential  flow  about  surface  ships16 
suggests  that  the  problea  of  propeller-hull  interaction  in  the  presence  of  a free 
surface  can  be  addressed  in  the  near  future.  As  an  initial  step  it  is  recoaawnded 
that  the  analysis  be  applied  in  the  low  Froude  nuaber  range  where,  as  a first  approx iaat ion, 
the  free  surface  can  be  represented  by  a rigid  wall.  In  this  case  the  thrust  de- 
duction can  be  derived  using  simple  iaages  of  the  hull  and  propeller  about  the 
waterline  plane.  It  will  also  be  necessary  to  conduct  flow  visualization  experi- 
ments and  obtain  detailed  boundary  layer  aeaaureaents  to  clarify  the  role  of  viscosity 
and  flow  separation  effects,  and  to  establish  the  llaitations  of  the  potential 
flow  analysis. 
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Measured  and  Computed*  Values  of  Thrust  Dsduotlon  for  an 
Appended  Series-58  Body  (MSRDC  Model  4620,  Propeller  3638) 10,11 


Method 

Thrust  Deduction,  t 

Resistance  and  Self-Propulsion  Bxperiaents 

0.150 

Lifting 

Body  Pressure  Integration 

0.135 

Surface 

Method 

Legally  Thao ran 

0.133 

Lifting 

Legally  Theorea 

0.141 

Line 

Method 

Beveridge7  (using  approximate  { ) 

0.159 

•Potential  floe  only;  added  frictional  resistance  is  estimated  to  increase  thrust 
deduction  by  3 to  5 percent. 


Experimental  and  Prediction  Techniques  for  Estimating 
Added  Power  Requirements  In  a Seaway 
by 

William  G.  Day,  Jr.,  Arthur  M.  Seed  end  Hen-Chin  Lin 
D*»id  U.  Teylor  Naval  Ship  Research  & Development  Center 


INTRODUCTION 

Frequently  towing  tanks  are  tasked  to  provide  powering  predictions  for  new  »>»<p 
*•**»"»  which  will  require  a power  margin  to  maintain  speed  in  a seaway.  The  added 
power  requirements  are  sometimes  estimated  by  design  margins  or  they  may  be  defined 
through  experimental  procedures.  In  performing  experiments  to  estimate  the  added  power 
required  to  maintain  speed  in  a seaway,  several  techniques  may  be  used  in  both  data 
analysis  and  extrapolation.  This  paper  is  intended  to  discuss  techniques  of  conducting 
model  experiments  for  the  prediction  of  added  power  in  a seaway  and  how  such  data 
should  be  extrepolated  to  full  scale. 

Thfe  paper  will  begin  with  a discussion  of  various  prediction  techniques  for 
estimating  added  power  in  a seaway  and  their  advantages  and  disadvantages.  This  will 
be  followed  by  recommendation  of  an  experimental  procedure  and  review  of  the 
techniques  used  at  the  David  H.  Taylor  Naval  Ship  Research  and  Development  Center 
(DTNSRDC) . Finally,  we  will  conclude  with  a discussion  of  how  data  should  be  extra- 
polated to  full  scale  and  what  data  should  be  presented.  A bibliography  containing 
much  of  the  literature  relevant  to  added  resistance  and  power  is  also  included. 

DISCUSSION  OF  PREDICTIVE  TECHNIQUE  FOR  ADDED  POWER  IN  HAVES 

There  are  three  basic  methods  for  predicting  the  added  power  in  a seaway  from 
model  experiments.  The  first  method  employs  experiments  to  measure  only  added  resis- 
tance in  waves,  the  second  uses  added  resistance  in  waves' experiments  combined  with 
calm  water  propulsion  experiments  and  finally, the  third  method  requlrea  propulsion 
experiments  both  in  calm  water  and  waves. 
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Technique  It  Added  Resistance  la  Waves,  Still  Water  Propulsive  Characteristics 

An  added  resistance  experiment  Is  performed  using  a model  of  whatever  scale  Is 
appropriate  for  a particular  facility.  The  added  power  Is  then  predicted  from  the 
added  resistance  by  applying  calm  water  propulsive  coefficients  to  the  added  resistance 
data.  The  typical  model  for  these  experiments  can  vary  from  the  1.5  to  2. O-meter 
models  which  are  frequently  used  for  head  seas'  experiments  In  facilities  such  as  the 
DTNSRDC  140-foot  tank,  the  University  of  California  Richmond  Station  Towing  Tank,  and 
the  Davidson  Laboratory  Towing  Tank;  to  the  5.5  to  6.0-meter  models  which  are  towed  in 
the  DTNSRDC  Carriage  II  Basin.  These  added  resistance  teats  are  usually  performed  in 
regular  seas  so  that  added  resistance  response  operations  can  be  determined;  however, 
such  testa  are  sometimes  performed  in  irregular  seas. 

i Technique  2:  Added  Resistance  in  Waves,  Still-Water  Overload  Propulsive  Characteristics 

In  this  technique  an  added  resistance  experiment  In  waves  similar  to  the  experi- 
ment mentioned  above  is  performed.  However,  In  this  approach  a second  experiment  Is 
also  performed  with  a propulsion  model  In  still  water.  This  second  experiment  is  an 
"overload"  self-propulsion  experiment  in  which  the  propulsion  point  of  the  model 
corresponds  to  the  ship  propulsion  point  Including  the  additional  load  due  to  the 
added  resistance  in  waves.  This  approach  assumes  that  the  propulsive  coefficients  for 
powering  in  waves  will  change  from  those  in  still  water  but  that  the  change  is  only 
due  to  the  Increased  loading  of  the  propeller. 

In  principle,  this  technique  does  not  necessarily  require  a powered  model  experi- 
ment. Increased  loading  calculations  could  be  made  using  the  propeller  open  water 
characteristics.  This  would  result  in  a slightly  more  accurate  version  of  the  first 
technique. 


Technique  3:  Propulsion  in  Waves 

In  this  technique,  propulsion  experiments  are  performed  both  in  calm  water  and  in 
waves.  The  difference  in  the  required  power  between  the.te  two  experiments  Is  the  added 
power  in  waves. 

Propulsion  in  waves  experiments  are  performed  using  larger  models  than  those  which 
may  be  used  for  added  resistance  experiments.  The  appropriate  model  sire  is  generally 
governed  by  the  selection  of  a model  propeller  which  is  sufficiently  large  to  minimize 
Reynolds  number  scaling  problems  on  the  propeller  blades.  This  choice  of  propeller 
slse  usually  results  in  a model  of  5.5  to  6.0-meters  in  length. 

As  in  the  case  of  added  resistance  in  waves,  added  power  tests  can  be  performed 
in  either  regular  waves  or  irregular  waves.  In  terms  of  general  usefulness,  the  data 
collected  in  regular  waves  is  moat  useful  because  it  allows  simple  extrapolation  of 
model  data  to  full-scale  data  in  arbitrary  Irregular  seas. 
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Discussion  of  Che  Various  Techniques 

Although  Chere  has  been  no  comprehensive  set  of  experiments  on  one  model  in  which 
all  three  experimental  methods  have  been  employed  and  compared,  it  is  still  possible 
to  make  some  definitive  statements  concerning  the  three  techniques.  It  is  intuitively 
obvious  that  Technique  1 would  not  give  very  accurate  results  (although  for  rough 
design  margins  it  may  be  adequate)  ir  that  it  does  not  even  account  for  the  effects  of 
propeller  loading  increase.  In  particular.  Figure  1 which  gives  data  presented  by 
Moor  and  Murdey  (1970)  shows  that  the  propulsive  coefficients  do  change  in  a seaway. 

The  effects  of  propeller  loading  changes  are  not  so  clearly  shown  from  these  data. 

From  this  it  can  be  concluded  that  Technique  1 should  only  be  used  if  the  effects  of 
increased  propeller  loading  are  accounted  for  by  use  of  at  least  the  propeller  open 
water  characteristics  with  a resulting  change  in  propeller  efficiency. 

Technique  2 is  not  as  straight  forward  to  evaluate.  There  is  a large  amount  of 
data  to  show  that  technique  2 results  In  very  reliable  predictions  of  increased 
power,  and  yet  ocher  data  shows  that  it  is  not  at  all  reliable.  Journee  (1976)  gives 
a large  amount  of  data  (see  Figure  2)  which  shows  that  the  added  power  is  virtually 
identical  with  the  increased  power  obtained  from  propeller  overload  tests  in  calm  water 
applied  to  the  resistance  obtained  in  waves.  In  fact,  Journee  goes  on  to  conclude, 

" there  are  no  significant  differences  between  these  measurements  and  overload 

tests  in  still  water  even  in  the  cases  of  extresie  emerging  of  the  propeller.  This 
means  that  the  propulsive  efficiency  is  the  same  in  both  cases."  On  the  other  hand 
such  work  as  that  by  Moor  and  Murdey  (1968,  1970)  states  that  such  a method  la  not 
applicable.  They  go  on  to  state  [Moor  and  Murdey  (1970)],  "Such  variations  from  the 
still  water  lines  demonstrate  that  the  effects  of  increasing  resistance  by  a tow  force 
in  waves  and  of  resistance  being  increased  by  the  waves,  are  not  the  same  as  the  effects 
of  increasing  resistance  by  a tow  force  in  still  water."  However,  upon  examining  the 
data  which  they  present,  it  is  obvious  that  either  of  the  above  conclusions  could  be 
drawn  depending  upon  what  model  is  being  examined.  This  is  illustrated  by  Figures  3 
and  4 which  are  taken  from  Moor  and  Murdey  (1970).  Figure  3 shows  data  which  varies 
significantly  from  the  calm  water  data,  while  the  data  shown  in  Figure  4 is  indistin- 
guishable from  the  calm  water  data.  In  particular  the  data  for  full  load  conditions 
seem  to  be  fairly  consistent  and  some  of  it  would  definitely  support  Journee' s 
conclusion,  while  the  data  for  the  ballast  condition  seem  to  vary  widely  and  would 
definitely  lend  credence  to  Moor  and  Murdey’s  conclusions.  The  wide  variation  found 
in  the  ballast  condition  may  be  due  to  reduced  propeller  submergence,  which  may  lead 
to  emergence  and  ventilation  in  a seaway. 

In  conclusion  we  can  state  that  Technique  2 is  not  always  valid  for  uBe  in 
predicting  the  power  required  in  a seaway.  This  statement  is  supported  by  Nakamura 
(1976)  who  states,  "It  has  been  said  that  the  propulsive  performance  in  waves  is 
explained  fairly  well  by  the  overload  effect  on  the  propeller  due  to  the  added 
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resistance  in  waves.  As  mentioned  above,  however,  the  self-propulsion  factors  are 

affected  conalderably  by  ship  notions,  so  it  is  considered  that  the  reeults  of  the 
overload  testa  in  still  water  are  not  always  coincident  with  those  of  self-propulsion 
tests  in  waves." 

The  propulsion  in  waves' experlnsnts  of  Technique  3 are  the  experlnents  which 
seen  to  cone  closest  to  representing  the  situation  which  a ship  actually  encounters. 

The  propulsion  in  waves'  experlnents  not  only  account  for  the  actual  loading  on  the 
propeller,  but  also  account  for  the  variation  in  the  hull  propulsion  factors  due  to 
ship  notions. 

The  one  disadvantage  of  self-propulsion  experlnents  in  waves  is  the  fact  that  such 
tests  nust  of  necessity  be  conducted  at  the  nodal  self-propulsion  point.  This  neans 

I that  the  propeller  is  actually  overloaded  relative  to  the  ship  self -propulsion  point. 

Such  a disadvantage  as  thia  can  be  overcone  by  use  of  some  type  of  external  thruster 
designed  to  provide  the  appropriate  amount  of  additional  thrust  to  bring  the  propeller 
down  fron  the  nodel  self-propulsion  point  to  the  ship  self-propulsion  point. 

1 . | • . 

Kern— wrist  ion 

Of  the  three  experimental  techniques  for  obtaining  added  power  in  waves  which  have 
been  discussed,  the  nost  appropriate  would  appear  to  be  self-propulsion  experlnents  in 
waves,  i.e.  Technique  3.  All  of  the  works  discussed  so  far  [Moor  and  Murdey  (1970), 

Journee  (1976)  and  Nakanura  (1976)]  .along  with  many  others,  have  obtained  useful, 
consistent  data  by  performing  such  experiments.  There  seems  to  be  no  question  on  the 
part  of  any  author  that  using  added  resistance  in  waves' data  with  model  calm  water 
propulsion  data,  i.e.  Technique  1,  results  in  erroneous  predictions. 

Technique  2 in  which  added  resistance  data  in  waves  is  used  with  the  data  from 
overload  self -propulsion  tests  in  calm  water  is  more  controversial.  Although  the 
results  of  some  experiments  show  this  method  to  be  quite  good,  other  data  shows  it  to 

I be  in  error.  Until  a complete  set  of  experiments  which  directly  compare  the  techniques 

discussed  herein  is  performed,  no  method  can  be  said  to  be  entirely  satisfactory. 

For  towing  tanks  without  the  capability  to  perform  powering  in  waves’  experiments. 

Technique  2 appears  to  be  a reasonable  compromise.  The  best  state-of-the-art  technique 
for  properly  accounting  for  both  increased  resistance  and  change  in  propulsive 
characteristics  of  a model  in  a seaway  appears  to  be  Technique  3.  The  authors  there- 
fore recommend  this  approach,  model  self-propulsion  in  waves,  to  be  the  standard  for 
use. 
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CCRMWT  EXPERIMENTAL  PROCEDURES  AT  DAVID  TAILOR  NAVAL  SHIP  RAD  CENTER 

At  DIH8RDC  Modal  experiments  to  det«nlne  the  added  power  required  In  a aeaway 
are  generally  performed  uaing  a propulelon  nodal  which  wee  built  for  ehaft  horse- 
power  predictions.  However,  the  scale  ratio  for  these  models  frequently  gives  too 
large  a nodal  for  the  capability  of  the  wavamaker,  in  which  case  a compromise  la 
generally  reached  between  the  two  exper Inants.  For  powering- in-waves  experiments  the 
appropriate  ship  and  appendage  geometry  as  well  as  the  design  propeller  geometry  is 
scaled.  More  detail  is  usually  unnecessary  except  for  the  addition  of  freeboard  to  the 
design  sheer,  if  such  was  not  the  case  for  the  original  model.  Decking  is  frequently 
required  thereafter  for  protection  of  motors  and  dynanometry. 

Although  the  external  geometry  is  in  all  respects  the  sane  for  powering  in  still 
water  and  in  waves,  the  model  ballasting  is  much  more  detailed.  The  total  mass  of  the 
ballasted  model  is  therefore  centered  at  the  appropriate  point  for  the  ship.  In 
addition,  the  dynamic  requirements  for  radius  of  gyration  and  netacentrlc  height  are 
also  net.  Generally  the  tolerence  for  these  parameters  are  kept  within  + 0. 52  except 
for  trim  which  can  be  even  more  carefully  set.  Typical  values  for  model  ballasting 
tolerances  ere: 


Displacement 

Trim 

Longitudinal  Center  of 
Gravity 

Vertical  Center  of  Gravity 
Radius  of  Gyration 


+ 0.025%  (e.g.  + 2N  out  of  8000N) 

+ 0.025%  (e.g.  4-  2am  for  LWL  of  6m) 

+ 0.5% 

+ 0.5% 

+ 0.02  LWL 


Models  are  attached  to  the  towing  carriage  by  a single,  counterbalanced  heave 
staff  for  added  resistance  experiments.  For  powering  in  head  waves  experiments,  the 
model  la  propelled  in  a free-running  condition.  Directional  control  is  provided  by 
an  automatic  feedback  servo  system  to  the  rudder(s)  from  sonic  transducers  which 
operate  on  targets  behind  and  beside  the  model.  Data  links  to  the  model  dynainometry 
from  the  towing  carriage  Instruments  are  provided  by  umbilical  cables  which  apply 
no  force. 

The  powering  in  waves'  experiments  are  generally  performed  in  the  long,  linear, 
tewing  tank  (Carriage  2 Basin)  which  is  equipped  with  a pneumatic  wavemaker  capable  of 
generating  waves  from  15  to  45  centimeters  high.  Irregular  waves  generally  are 
produced  by  control  of  the  intaka/exhaust  ports  of  the  pneumatic  air  supply  by  means 
of  a pre-progr earned  control  tape.  Most  frequently  the  tape  used  in  the  experiments 
is  that  which  generates  wave  heights  most  closely  representing  (producing)  a Plerson- 
Moskowits  spectrum. 

I : f-  * y* 
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spectrw.  Currently  no  control  tape*  nr*  available  at  DTNSRDC  which  produce  a 
two-parameter  wave  apectrua. 

Added  realatence  experlaenta  are  perforaed  at  cone tan t speed  for  e variety  of 
wavelengths  In  regular  head  aeaa.  Typically  wavelength  varying  froa  nondlaenalonal 
frequency  of  encounter  (u#)  of  1 to  10  are  run  with  approximately  16  polnta  for  each 
wave  height.  Wave  height*  uaed  In  the**  regular  wave  experlaenta  will  generally  vary 
between  L/50  end  L/20.  Coincident  etlll-vater  realatence  experlaenta  will  be  run  In 
order  to  deteralne  the  added  realatence  coefficient  t which  according  to  current  practice 
la  defined  ea: 


Added  power  experlaenta  are  run  necesaerlly  at  model  self  propulaion  point.  The 
aodel  la  free  to  surge,  and  therefore, the  true  speed  of  any  given  run  in  the  towing 
tank  Is  determined  by  adding  the  response  of  the  surge  measuring  sonic  transducer 
to  the  carriage  speed.  Propeller  thrust,  torque  and  revolutions  per  minute  (n)  are 
measured  using  the  standand  DTNSRDC  aodel  electronic  transmission  dynasKnneter. 


The  dynaaoswtry  which  Is  uaed  for  the  powering  measurement  has  an  accuracy  of 
+ 0.5  percent  of  the  design  load.  Typically  for  a 6m  model  this  loading  would  be 
5 newton-meters  for  torque  and  100  Newtons  for  thrust.  The  dynaaometers  are  capable 
of  responding  to  the  0.10  ha  rang*  of  dynamic  signals  encountered  In  the  wave  experl- 
aenta. A 20  hs  low-peas  filter  Is  generally  used  In  the  signal  conditioning  to 
minimize  "noise"  and  to  eliminate  the  200  hs  natural  frequency  of  the  dynamometer. 

Aa  In  the  added  resistance  experiments,  atlll-vater  model  self -propulsion  experi- 
ments are  perforaed  during  the  same  set  of  runs.  Added  power  Is  then  determined  froa 
the  difference  between  these  two  results  for  a particular  set  of  wave  conditions. 

Data  are  collected  on  board  the  towing  carriage  using  a mini-processor  and  some 
preliminary  calculations  are  perforaed  there.  All  data  are  digitised  and  recorded  on 
magnetic  tape  for  later  use,  such  ae  with  the  Irregular  sea  spectra  as  mentioned  above. 

EXTRAPOLATION  AND  PRESENTATION  OF  DATA 

As  an  Initial  step  toward  extrapolation  we  will  take  a brief  look  at  dimensional 
analysis.  The  total  resistance  In  waves  aay  be  written  as  a funcplon  of  ship 
length  (L),  aaas  (M),  pitch  aoaent  of  Inertia  (Ip)  and  speed  (U) . In  addition  we  must 
Include  the  physical  constants:  gravitational  acceleration  (g),  water  density  (p), 
and  kinematic  viscosity  (v),  along  with  the  description  of  the  waves  given  by  the  wave 
length  (X)  and  the  wave  amplitude  (C#).  Using  these  quantities,  we  can  say  that  the 
resistance  la  given  by 

Rt  - Rp  (L,  M,  Ip,  U,  g,  p,  v,  X,  CA) 


■ ■ - ■— — ^ 
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Upon  performing  dimensional  analysis  using  p,  g,  sad  l as  our  fundamental  variables 
we  obtain  a aond inane tonal  drag  coefficient: 


to  be  saro,  then  we  are  left  with  only  the  calm  water  drag  on  our  ship 
[fine  an  added  resistance  coefficient  AC.  as  follows: 


Theoretical  considerations  lead  us  to  the  conclusion  that  AC^  is  independent  of  the 
Reynolds  number,  even  though  is  not,  and  also  that  AC^  is  a 
function  of  (t/X)2;  therefore  we  may  write  that  as: 


We  can  easily  relate  the  more  usual  added  resistance  coefficient  o 


Repeating  the  same  process  for  added  power,  we  must  consider  the  additional 
variables  [propeller  diameter  (D),  propeller  submergence  (h),  propeller  speed  in 
revolutions  per  second  (n),  propeller  torque  (Q),  and  propeller  thrust  (T) ] along  with 
the  atmospheric  pressure  (Pa)  and  the  vapor  pressure  of  the  water  (Pv).  Performing 
additional  dimensional  analysis  leads  to  the  following  additional  parameters. 


We  can  now  define  an  addad  powar  coaffldant  by  taking  tba  diffaranca  batwaan  tha  power 
raquirad  In  wavaa  and  tha  powar  required  In  calm  watar.  Upon  naglacting  tba  quantltlaa 
which  ara  ratios  of  geometric  quantltlaa  and  viscosity  we  obtain  : 

£ 

AS  - - ACy  <FR.  £ , -f-,  V KP,  j)  , 

pg 

where  we  have  neglected  the  effects  of  the  changes  In  propeller  Froude  nuaber  and 
cavitation  nuaber. 

From  the  nondlaenslonallzation  of  ACT  and  ACp  the  usual  Froude  scaling  determines 
how  the  data  collected  for  a model  should  be  extrapolated  to  ship  scale.  The  added 
resistance  data  should  be  scaled  by  the  scale  ratio  cubed  tines  the  ratio  of  the 
density  of  water  for  the  ship  to  the  density  of  water  for  the  model.  The  saae  proce- 
dure applies  to  the  added  power  except  that  the  model  added  power  Is  multiplied  by  an 
additional  square  root  of  the  scale  ratio. 

There  are  many  formats  In  which  data  for  added  resistance  and  added  power  In 
waves  data  can  be  presented.  In  the  case  of  regular  wave  data  these  formats  generally 
show  a nondimenaional  added  resistance  or  added  power  coefficient  for  a constant 
speed  as  a function  of  a non-dimensional  wave  length  or  frequency.  In  Irregular 
seas  the  same  coefficients  are  usually  shown  as  a function  of  the  modal  period  of  the 
spectrum  or  as  a function  of  ship  speed  for  a given  spectrum.  Any  of  these  formats 
are  very  satisfactory. 

The  same  cannot  be  said  for  the  presentation  of  data  relating  to  propulsive 
coefficients.  These  data  are  generally  broken  down  Into  the  same  coefficients  which 
are  presented  for  calm  water  propulsion,  and  no  presentation  of  the  propulsive 
efficiency  (hp)  Is  given.  It  Is  this  coefficient  which  is  the  most  important  to  tha 
understanding  differences  between  propulsion  In  waves  relative  to  resistance  In  waves. 

It  is  therefore  proposed  that  all  future  data  presentations  include  a curve  of 
the  propulsive  efficiency  In  waves  defined  as: 

. . + 

where  PR  and  APR  are  the  calm  water  effective  horsepower  and  added  effective  horse- 
power and  added  effective  horsepower  In  waves  respectively,  and  Pp  and  APp  are 
similar  quantities  for  shaft  horsepower.  Given  the  propulsive  efficiency  In  a seaway 
we  may  even  define  the  decrease  in  propulsive  efficiency  as  Ahp  “ rip  - rtjy  (a 
positive  quantity).  Using  the  above  formula  one  can  plot  the  change  In  shaft-horse- 
power against  the  change  in  effective  horsepower  (for  constant  change  in  efficiency) 
which  results  in  a series  of  straight  lines  whose  slope  and  Intercept  are  functions  of 
the  change  in  efficiency.  The  case  of  no  change  in  efficiency  is  the  45*  line  through 
the  origin.  Those  cases  In  which  efficiency  decreases  lie  above  this  line  while 


those  cases  shore  efficiency  Increases  lie  below  the  lias. 

One  reason  for  the  difficulty  In  evaluating  the  effects  of  e seaway  on  propulsive 
efficiency  cones  fron  the  lack  of  date  at  the  sane  nodal  scale.  Frequently,  powering 
experiments  for  nodele  in  a seaway  are  perforated  with  the  sane  nodal  used  for  still 
water  self-propulsion  experlnents  nentloned  in  the  previous  section.  However,  the 
resistance  values  associated  with  the  added  power  aeasureaents  nay  have  cone  fron 
resistance  experlnents  in  waves  with  a much  smaller  nodal.  In  soae  instances,  the 
snail  nodal  resistance  experlnents  nay  even  have  been  done  with  a bare  hull  aodel, 
leading  to  still  aore  difficulties  in  comparisons.  A case  in  point  is  the  data  which 
has  been  presented  Yeh,  et  al  (1973)  and  Stron-Tej  sen,  et  al  (1973).  The  added 
resistance  values  for  the  model  Identified  as  the  destroyer  form  in  Stron-Tej sen, et  al 
were  obtained  principally  fron  regular  waves'  experlnents  with  a snail  (5-foot  JML) 
model.  Propulsion  data  for  this  hull  in  head  seas  were  obtained  at  a later  tine  using 
s larger  (18.2-foot  LWL)  geosia  andare  reported  in  Yeh,  et  al.  Data  fron  both  sources 
have  been  compared  in  Figure  5. 

The  abscisaa  of  Figure  5 reflects  the  Increase  in  resistance  (effective  power) 
which  has  been  non-dlaensionalised  by  the  still  water  resistance.  The  ordinate  shows 
the  Increase  in  shaft  power  nondlnenslonallsed  by  shaft  power.  If  in  fact  the 
propulsive  characteristics  of  this  hull  in  a seaway  are  not  substantially  different 
from  those  in  still  water,  the  points  for  all  Froude  numbers  and  wave  lengths  should 
fall  on  the  diagonal.  If  the  propulsive  efficiency  decreases  in  the  wave  experlnents, 
the  points  should  fall  above  the  diagonal.  The  fact  that  most  points  fall  below  the 
diagonal  night  be  interpreted  as  an  Increase  in  propulsive  efficiency,  but  in  fact, 
it  merely  shows  that  when  attenpting  to  coapare  data  from  separate  experiments 
using  2 models  of  different  scales,  the  results  prove  inconclusive.  It  is  not  possible 
to  perform  a similar  type  analysis  from  the  information  presented  in  Moor  and  Murdey 
(1970),  one  would  hope  that  the  propulsive  efficiencies  shown  in  their  figures  do  not 
contain  such  anaaollee.  Certainly,  when  attenpting  to  use  Techniques  1 and  2 for 
predicting  added  power,  the  danger  of  error  from  small  model  resistance  data  coupled 
with  larger  nodal  propulsion  data  exists.  This  conclusion  is  further  supported  by 
Tasakl  (1975)  who  states  "In  the  propulsion  tests  in  still  water,  ta  to  7m  models 
are  taken  into  consideration  of  the  scale  effect.  In  the  testa  in  waves,  however, 

2n  to  5n  models  are  usually  uaed  for  the  convenience  of  the  experlnents.  The  above- 
mentioned  variations  of  the  propulsion  factors,  therefore,  may  contain  partially  the 
scale  effect  of  hull  and  propeller." 

Another  point  to  be  considered  when  presenting  added  power  in  a seaway  is  the  sea 
state  representation.  The  added  power  quantity  which  is  desired  is  not  a response 
amplitude  operator  as  a function  of  wave  length,  but  the  response  of  the  ship  to  a 
particular  irregular  seaway.  Such  a response  could  be  obtained  by  performing  propulsion 
tests  in  irregular  seas  having  the  desired  spectrw.  The  disadvantage  of  this  approach 


Is  that  tha  ruoltlai  data  la  applicable  only  to  that  particular  Irregular  seaway. 

Delsell  (1972,  1974,  1975,  1976)  and  Maal  (1974)  hava  shown  ioh  auccasa  at 
deriving  a regular  waves  raaponaa  oparator  from  nodal  axpazlnantal  data  In  lrragular 
waves  by  naana  of  croaa-bl-apactral  analyala.  However,  ouch  techniques  at HI  naad 
additional  validation  and  auch  too la  ara  not  yat  at  tha  point  whera  thay  can  ha  uaad 
for  data  analyala  on  a ragular  baala. 

For  making  addad  powar  pradlctlona  In  lrragular  aaaway  ualng  nodal  self-propulsion 
data  fron  ragular  waves  axparlnanta,  tha  tadmlqua  propoaad  by  Murday  (1972)  In  tha 
13th  ITTC  la  conaldarad  to  ba  tha  prafarrad  nathod.  Moor  and  Murday  (1972)  glva  a 
aubatantlal  anount  of  excellent  data  cowparing  axparlnenta  In  lrragular  wavaa  to 
pradlctlona  nada  ualng  thla  tachniqua. 

A brlaf  deacrlptlon  of  tha  nathod  which  Murday  cal la  tha  Direct  Power  Method 
followa.  Given  nodal  torque  (Q)  and  propeller  apeed  data  (q),  tha  addad  powar  In  a 
wave  of  amplitude  Ca  la  given  aa: 

dPp  (m)  - |—  l Q ♦ d Q(w)l  (n  + n(«)  ) - Q n , 

whore  6Q(u)  and  dh  (u)  ara  the  addad  torque  and  added  propeller  revolutlona  at  the 
given  wave  frequency  <■>  . Tha  naan  added  power  in  a aaa  apectrun  la: 

AP  - 28(a)  -^§ 6 (a) 

D C .(a) 

where  8(a)  la  the  nodal  acala  wave  apectre. 

CONCLUSIONS 

Having  reviewed  those  techniques  for  axparlnanta  and  data  analyala,  four 
conclusions  nay  ba  drawn: 

1.  Tha  nathod  described  herein  as  Technique  3,  that  la  nodal  self  propulsion  In 
both  still  water  and  wavaa,  la  recommended  aa  an  experimental  procedure.  If  this  la 
not  possible.  Technique  2 considering  an  overload  experiment  in  still  water  with  addad 
resistance  In  waves  should  ba  used. 

2.  It  la  desirable  to  use  a large  nodal  which  has  been  dynamically  ballasted 
and  which  has  propellers  which  will  provide  a minimum  Reynolds  tuarter  scale  effect  to 
perform  powering  In  waves  experiments.  Regular  wave  axparlnenta  are  preferred.  Modal 
self-propulsion  aa  wall  a a an  overload  propulsion  experiment  should  ba  performed  in 
still  water  In  order  to  compare  with  tha  propulsion  In  waves'  experiment. 

3.  In  addition  to  addad  powar,  data  should  ba  presented  for  tha  addad  thruat, 
torque  and  propeller  revolutions  along  with  the  added  resistance  coefficient  a^,  for 
each  condition  tasted.  The  comparable  propulsive  characteristics  should  ba  calculated 
based  on  the  added  resistance  as  wall  as  addad  power  experiments. 
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4.  The  calculation  racounended  by  Hurday  In  cha  13th  ITTC  for 
pownr  In  an  Irregular  aaa  (tha  dir act  power  nathod)  ara  reconaandad. 


huthttaort  It  la  racounended  that  a conprahanalva  aarlaa  of  axperlaeota  ba 
perforaad  to  adequately  raaolva  tha  question  concerning  tha  uaa  of  ovarload  expert- 
aantal  propulalva  charactarlatlca  with  addad  raalatanca  data  to  calcnlata  added  powei 
raqulraaanta  In  wavaa.  Thaaa  axparlaanta  ahould  alao  include  an  analyaia  of  tha 
af facta  of  nodal  acale  on  thaaa  pradlctlone. 


Figur*  1 ~ Variation  In  Modal  Propulsive  Coefficients 

with  Wave  Length  [Figure  8,  Moor  & Murdey  (1970)] 


Propeller  Torque  Propeller  Revolutions 


Figure  2 - Propeller  Torque  and  Revolutions  as  a Function  of 
Overload  and  Added  Resistance 
(Figures  27  6 25,  Journ&e  (1976)] 
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Variation  of  Thrust  and 
Torque  Coefficients  with 
Advance  Coefficient  with 
Lower  at  A/l  ■ 1.0 
[Figure1?,  Moor  & Murdey 
(1970)] 


Figure  4 - Variation  of  Thrust  and 
Torque  Coefficients  with 
Advance  Coefficient  with 
&Y  agreement  at  A/L  *1.0 

[Figure  7,  Moor  and  Murdey 
(1970)] 
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Figure  5 - Comparison  of  Added  Power  and  Added 

Resistance  for  a Low  Block  Coefficient 
Hull  Form 
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INTRODUCTION 

The  primary  difference  between  the  propeller  and  the  ducted  propeller  involves 
the  shape  of  the  slipstream  that  passes  through  the  propulsor.  In  the  ducted  propel- 
ler, the  shape  of  the  slipstream  can  be  controlled  by  proper  shaping  of  the  shroud 
or  duct  which  surrounds  the  blade  rows  while  the  slipstream  through  a propeller 
is  always  contracting  and  hence  the  fluid  accelerates  as  it  approaches  the  propeller 
disk.  The  ducted  propeller  provides  the  designer  with  the  option  of  either  accelerating 
or  decelerating  the  flow  before  it  enters  the  rotating  blade  row.  The  slipstream 
pattern  of  a propeller  and  that  of  a ducted  propeller  having  both  an  accelerating 
and  a decelerating  shroud  arrangement  are  shown  in  Figure  (1).  The  velocity 

of  the  slipstream  at  various  stations  through  each  propulsor  is  also  shown  schemat- 

/ 

ically  in  Figure  (1).  The  propeller  and  converging  ducted  propeller  accelerate  ' 
the  flow  into  the  disk  and,  therefore,  it  is  apparent  that  the  blade  surface 
velocities  at  the  blade  tips  will  be  higher  and  the  local  static  pressure  lower 
than  that  of  the  ducted  propeller  with  a decelerating  duct. 

Model  Evaluation  of  Ducted  Propeller  Performance 

The  evaluation  of  a ducted  propeller  design  by  a series  of  model  testa  is 
as  Important  a step  in  the  development  of  a new  design  as  is  the  model  evaluation 
of  open  propellers.  However,  the  model  evaluations  of  a ducted  propeller  must 
be  approached  in  a different  light  than  the  evaluation  of  open  propellers.  For 
example,  the  evaluation  of  the  ducted  propeller  must  be  conducted  using  tha  entire 
unit,  l.e.,  the  duct,  hull,  rudders,  and  the  propeller  combined.  While  many 
dasigners  consider  tha  duct  and  the  propeller  as  separate  enitles,  it  is  in  fact 
the  combination  which  provides  the  propulsive  advantages  realized  in  many  prototype 
applications  [1]. 
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The  performance  of  e ducted  propeller  le  measured  by  the  net  thrust,  propeller 
plus  duct,  end  net  power  required  by  the  unit.  Several  authors  [2]  have  taken 
the  approach  that  model  evaluations  can  be  conducted  with  and  without  the  duct 
Installed  and  the  contribution  of  each  element  determined.  This  is  erroneous 
since  the  propeller  and  duct  operate  in  combination  and  an  interaction  exists 

between  the  forces  produced  by  each  element.  j 

The  question  of  open  water  versus  behind-a-model  hull  tests  Is  perhaps  more  ■ 

crucial  for  a ducted  propeller  than  for  an  open  propeller.  This  Is  of  course 
a function  of  the  wake  flow  In  which  the  propulsor  Is  operating.  If  the  ducted 
propeller  is  subjected  to  flow  nonuniformities  when  operated  behind  a hull,  the 
model  tests  should  include  these  nonuniformities.  If  these  are  not  modelled, 
the  duct  will  be  subjected  to  an  unreal  flow  field  which  means  both  the  duct 
and  the  propeller  within  the  duct  will  not  model  the  prototype  performance.  Therefore, 

In  addition  to  the  forces  which  exist  on  the  duct  and  propeller,  an  Important 
Item  in  model  evaluations  ie  the  measurement  of  the  flow  field  within  the  duct. 

A most  Important  observation  made  by  several  investigators,  [3],  [4],  is 
the  Importance  of  including  the  model  rudders  when  investigating  the  propulsive 
characteristics  of  a ducted  propeller.  This  is  particularly  true  when  the  rudders 
are  located  In  the  propulsive  slipstream  of  the  ducted  propeller.  Since  the  slipstream 
will  contain  fluid  rotation,  the  rudders  act  to  remove  this  rotation  and  thereby 
decrease  the  propulsive  losses.  A similar  effect  is  observed  with  an  open  propeller. 

The  determination  of  the  flow  field,  velocities  and  pressures  within  the 
ducted  propeller,  can  aid  significantly  in  the  evaluation  of  the  ducted  propeller 
performance.  An  example  of  the  use  of  such  data  is  described  in  [5J. 

Scaling  of  Model  Performance  to  Prototype 

Since  the  ducted  propeller  has  not  seen  as  extensive  use  as  the  open  propeller, 
there  is  not  a large  quantity  of  data  available  which  relates  model  and  prototype 
performance.  It  is  only  since  the  advent  of  VLCC's  that  such  data  have  appeared 
in  the  open  literature.  Recent  publications  [6],  [7]  deal  primarily  with  the 
scaling  of  cavitation  performance  rather  than  powering  performance. 

In  general,  the  conclusions  reached  regarding  the  powering  performance  of 
ducted  propeller  is  that  they  provide  a more  efficient  and  faster  means  of  propulsion 
that  the  equivalent  open  propeller  [1].  However,  the  experiences  in  scaling  model 
powering  data  to  full  scale  are  not  discussed.  In  addition  to  the  usual  scaling 
corrections  applied  to  model  propeller  data,  it  is  necessary  to  correct  for  the 
difference  in  Reynolds  number  on  the  model  and  prototype  propeller  duct.  This 
correction  can  be  appreciable  due  to  the  large  wetted  area  of  most  propeller  ducts. 

With  respect  to  the  scaling  of  model  cavitation  performance,  some  very  extensive 
model  and  full  scale  observations  have  been  conducted  [6],  [7].  These  studies 
report  the  results  of  model  tests  in  both  cavitation  tunnel  and  vacuum  towing 
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tank  taats.  Correlation  of  these  results  with  full  scale  observations  lead  the 
authors  to  conclude:  (a)  there  is  satisfactory  correlation  of  cavitation  patterns 
between  the  vacuum  tank  tests  and  full  scale;  (b)  at  full  scale  the  extent  of 
the  cavitation  patterns  are  slightly  larger  than  on  the  model;  (c)  the  presence 
of  a model  hull  in  front  of  the  ducted  propeller  is  very  Important  for  cavitation 
testing;  and  (d)  tip  cavitation  is  more  Important  than  blade  surface  cavitation 
because  of  its  Influence  on  erosion  of  the  duct  inner  surface. 

ESTIMATION  OF  DUCTED  PROPELLER  PERFORMANCE 


Influence  of  Duct  Geometry 

The  duct  geometry  typically  used  with  a ducted  propeller  is  shown  in  Figure 
(2a).  A variety  of  studies  [5],  [8],  [9],  [10]  have  been  directed  toward  developing 
duct  shapes  with  diffusing  type  of  ducts  downstream  of  the  rotor.  Figure  (2b). 

It  was  concluded  in  [5]  that  it  is  difficult  to  find  firm  evidence  of  any  significant 
lmprovesient  in  the  performance  of  a ducted  propeller  as  a result  of  the  use  of 
diffusing  ducts  aft  of  the  rotor. 

This  conclusion  can  be  supported  by  a simplified  one-dimensional  analysis 
of  the  flow  through  a ducted  propulsor.  A great  deal  of  basic  information  can 
be  derived  regarding  the  total  thrust  generated  and  the  power  required  by  a given 
propulsor  geometry  on  the  basis  of  one-dimensional  momentum  considerations. 

Such  an  approach  assumes  a uniform  flow  in  the  propulsor  slipstream  upstream 
of  the  unit  as  depicted  at  station  (1)  in  Figure  (2) . The  flow  downstream  of 
this  station  shall  be  assumed  to  be  lnviscid  and  nonseparating . Typical  of  an 
actuator  disk  analysis,  it  shall  be  assumed  that  no  rotation  exists  in  the  downstream 
slipstream.  In  a later  discussion,  the  importance  of  this  assumption  will  be 
considered.  It  is  also  assumed  that  the  static  pressure  which  exists  at  stations 
(1)  and  (5)  equals  the  free  stream  value  Pw.  Additionally,  it  is  assumed  for 
each  of  the  two  propulsors  shown  in  Figure  (2a)  and  (2b)  that  the  rotor  diameters 
are  equal  and  are  designed  to  ingest  the  same  rate  of  mass  flow  and  place  the 
same  energy  per  unit  mass  flow  into  the  fluid.  Based  on  these  assumptions,  the 
relation  of  total  energy  per  unit  mass  flow  between  stations  (1)  and  (5)  can  be 
written  as: 


P - PT  - Y H 
X1  5 


P»  + P — - p»  + p/2(V„+AV)Z  - Y H , (1) 

where  (H)  represents  the  energy  per  unit  mss  flow  placed  in  the  fluid  by  the 
rotor  and  is  equivalent  for  both  rotors.  The  parameters  with  bars  overhead  represent 
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The  nondinensional  rotor  heed 


nass-averaged  quentltiee 
In  terse  of  the  change  In  velocity  between  stetione  (1)  end  (5)  ee 


This  relation  indicatea  that  the  change  in  nondinensional  energy  between  stetione  (1) 
and  (5)  is  the  saae  for  propulsors  having  the  sane  value  of  (&V). 

The  nondinensional  ness  flow  rate  shall  be  defined  ae: 


and  is  equivalent  for  both  propulsors.  The  nondinensional  energy  per  unit  tine 
placed  in  the  flow  can  be  expressed  as: 


Equation  (4)  indicates  that  fluid  power  for  both  propulsors  is  equivalent 
since  the  mass  flow  rate  and  head  of  each  propulsor  are  the  sane. 

The  total,  or  net,  propulsor  thrust,  based  of  the  inpulse-nomentun  relationship 


and  nondlnenslonally  the  total  propulsor  thrust  coefficient  can  be  defined  as 


The  uii  flow  coefficient  and  change  In  velocity  between  stations  (1)  and 
(5)  are  the  um  for  both  propulsor  arrangeaents.  It  la  concluded  that  the  two 
propulsors  will  generate  equal  total  throat  for  the  sane  shaft  power. 

The  preceding  Indicates  that  diffusing  ducts  will  not  produce  any  gains  In 
overall  performance  as  compared  to  nondiffusing  ducts.  In  summary,  assuming  an 
Ideal  or  lnvlscid  flow,  the  same  fluid  power  Is  required  In  both  cases  to  produce 
the  same  total  thrust.  In  practice,  real  flow  effects  cause  both  types  of  ducts 
to  suffer  from  an  Internal  blockage.  Boundary  layer  growth  on  the  Inner  surface, 
coupled  with  the  lower  velocity  tip  clearance  flow,  (5],  results  in  duct  blockage. 

On  this  basis,  moderate  divergence  of  the  duct  downstream  of  the  rotor  would  compensate 
for  the  blockage  and  provide  a lower  velocity  discharge  jet.  Only  on  this  basis, 
could  some  minor  gain  In  the  propulsive  coefficient  or  efficiency  be  obtained. 

In  contrast,  claims  of  gains  In  efficiency  by  the  use  of  diffusing  ducts 
most  probably  result  from  changes  in  mass  flow  through  the  propulsor  when  various 
diffuser  angles  are  used.  Unfortunately,  experimental  measurements  to  confirm 
this  are  lacking  and  It  Is  doubtful  that  the  controversy  of  the  merits  of  diffusing 
ducts  will  not  be  resolved  until  the  details  of  the  flow  field  are  more  throughly 
recorded.  A method  to  perform  such  tests  is  discussed  later. 

Influence  of  Advance  Ratio 

Experimental  results  Indicate  considerable  differences  in  propulsor  performance 
with  and  without  the  presence  of  rudder  appendages.  The  reason  for  the  differences 
in  powering  performance  with  and  without  appendages  present,  has  been  suggested 
In  [3]  to  result  from  the  differences  in  the  amount  of  swirl  In  the  downstream 
flow.  Should  the  presence  of  rudder  appendages  reduce  the  amount  of  swirl,  then 
It  can  be  surmised  that  the  kinetic  energy  loss,  as  well  as  the  drag  associated 
with  a low  pressure  region  In  the  wake,  will  be  reduced.  Both  of  these  mechanisms 
contribute  to  Increased  power  requirements  as  the  amount  of  swirl  In  the  downstream 
wake  Increases.  The  kinetic  energy  loss  associated  with  swirl  In  the  discharge 
slipstream  Is  discussed  in  [11]  and  Is  represented  by  the  propulsive  coefficient 
or  propulsive  efficiency.  For  application  with  sero  swirl  in  the  far  wake  the 
propulsion  coefficient  n Is: 


and  for  cimi  with  swirl  In  ths  far  wake  the  propulsive  coefficient  is: 
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On  the  baaia  of  Impulse-momentum  and  actuator  disc  relations.  Reference  [11] 
indicates  that: 
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The  duct  geometries  typically  used  in  ducted  propeller  arrangements  result 
in  Vj/V—  “ 1 + AV/V^.  Substitution  of  this  quantity  and  equation  (8)  Into  equation 
(7)  gives: 
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With  reference  to  a given  mass  flow,  the  above  Indicates  that  for  a given 
change  in  velocity  the  propulsive  coefficient  decreases  as  shaft  speed  decreases 
or  advance  ratio  increases.  The  reason  for  this  behavior  is  that  more  swirl  remains 
in  the  far  wake  as  the  design  advance  ratio  of  the  propulsor  is  increased,  which 
thereby  results  in  a higher  kinetic  energy  loss. 

The  kinetic  energy  loss  is  not  the  only  loss  to  be  considered.  A region 
of  low  pressure,  lower  than  p^,  exists  in  the  downstream  propulsor  slipstream 
if  rotation  is  present  and  results  in  added  drag  that  must  be  overcome  by  the 
propulsor.  On  this  basis,  more  power  is  required  for  propulsion  than  if  rotation 
did  not  exist.  The  existence  of  the  added  drag  due  to  the  presence  of  rotation 
in  the  downstream  slipstream  is  recorded  and  discussed  in  [12].  A more  detailed 
discussion  shall  be  presented  here  to  provide  a means  of  estimating  the  drag  Increment 
due  to  rotation  as  a function  of  design  advance  ratio. 

For  simplicity  in  illustrating  the  origin  of  the  added  drag  due  to  slipstream 
rotation,  a propeller  operating  on  the  aft  of  a body  of  revolution  shall  be  considered 
as  shown  in  Figure  (3) . A control  volume  shall  be  selected  to  provide  boundaries 
parallel  and  perpendicular  to  the  axis  of  revolution  and  the  viscous  forces  acting 
on  the  external  surface  of  the  control  volume  shall  be  neglected.  The  momentum 
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addition  to  the  fluid  by  the  propuloor  shall  ba  atiuaed  to  exactly  fill  the  axial 
momentw  deficit  of  the  wake  downstream  of  the  propulsor.  On  this  basis  there 
is  no  difference  in  axial  momentum  between  stations  (1)  and  (2)  and  the  axial 
momentum  equation  associated  with  the  control  volume  can  be  written  as: 


p»  Aab  " pab  Aab  ' °BB  + T “ 0 


(10) 


The  axial  momentum  term  on  the  right  side  of  equation  (10)  is  zero  since 
the  axial  momentum  in  and  out  of  the  control  volume  are  equal  under  the  assumption 
Chat  the  body  wake  deficit  is  entirely  filled  by  the  action  of  the  propeller. 

The  reaction  forces  of  propeller  thrust  and  bare  body  drag  acting  on  the  fluid 
of  the  control  volume  have  the  directions  shown  in  Figure  (3).  Ambient  static 
pressure,  p^,  acts  over  the  entire  face  of  the  control  volume  at  station  (1); 
however,  this  is  not  the  case  in  the  far  wake  at  station  (2). 

This  becomes  apparent  from  the  equation  of  radial  equilibrium  which  expresses 
the  static  pressure  gradient  as: 

+ <11) 

p dr  r/cos.  R 
9 ID 

where  V.  and  V represent  the  components  of  peripheral  and  meridional  velocity 
o in 

in  the  far  wake  and  $ is  the  angle  between  the  axlsymmetrlc  streamwise  direction 
and  the  axis  of  revolution.  At  station  (2)  the  cosine  of  $ is  unity  and  R , the 

ul 

radius  of  curvature  of  the  axisymmetric  streamlines  at  station  (2),  is  infinite. 

In  this  case,  equation  (11)  reduces  to: 


I . V 

p dr  r 


(12) 


From  this  relation  at  station  (2),  it  is  apparent  that  there  can  be  no  gradient 
in  static  pressure  outside  the  region  designated  (a-b) , which  is  the  slipstream 
of  the  flow  through  the  propeller.  Outside  the  region  of  the  propeller  slipstream 
the  static  pressure  is  ambient,  but  inside  the  slipstream  it  is  less  than  ambient 
decreasing  as  the  axis  of  rotation  is  approached. 

The  static  pressure  pafc  which  represents  an  average  over  the  region  (ab) 
will  be  less  than  p^.  Utilizing  equation  (10)  the  effective  net  propeller  thrust, 
represented  as  the  sum  of  the  body  drag  and  propeller  shaft  thrust  as  shown  below, 
is  negative  and  the  body  is  underpropelled. 
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As  Indicated  by  aquation  (13) , to  obtain  a self-propelling  condition,  the 
propeller  shaft  thrust  must  be  greater  than  body  drag  to  compensate  for  the  effects 
of  rotation  In  the  slipstream. 

An  engineering  evaluation  of  the  magnitude  of  this  added  drag  term  due  to 
svirl  In  the  far  wake  can  be  obtained  by  considering  Figure  (3)  and  aasuming  a 
small  hub  radius  and  no  meridional  curvature  of  the  streamlines  at  station  (2) . 

The  nondimensional  radial  equilibrium  equation  can  be  written  as: 
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The  swirl  placed  In  the  flow  shall  be  assumed  to  have  a radial  distribution 
of  constant  angular  momentum  (free  vortex)  which  can  be  expressed  as: 
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Substituting  equation  (IS)  into  equation  (14),  the  static  preasure  distribution 
as  a function  of  radial  distance  across  the  slipstream  can  be  obtained  es: 


P(r)  - P„ 


(16) 


The  Increment  of  additional  drag  associated  with  the  reduced  pressure  in 
the  slipstream  can  now  be  obtained  by  integrating  the  pressure  over  the  slipstrea 
area 
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Th«  Halting  value  of  (r)  shall  be  set  equal  to  the  hub  radius  and  (K)  evaluated 
from  either  measurements  of  slipstream  rotation  similar  to  those  in  [1]  or  evaluated 
based  on  the  relation  given  by  equation  (8)  which  can  be  written  in  terms  of  the 
advance  ratio  as: 
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The  preceding  assumes  small  values  of  (r^/r^)  and  that  the  mean  disk  diameter 
is  based  on  the  mean  area  of  the  disk.  It  Is  apparent  from  equation  (18)  that 
(VQ/Vj , or  (k).  Increases  directly  with  advance  ratio.  Therefore,  if  (AV/V^) 

Is  held  constant,  then  the  added  drag  due  to  rotation  In  the  slipstream  increases 
as  design  shaft  speed  decreases.  The  presence  of  the  rudder  In  the  slipstream 
tends  to  reduce  the  swirl  in  the  slipstream  and  thereby  reduce  the  added  drag. 

The  power  required  for  propulsion  would  therefore  decrease  with  the  presence  of 

the  rudder.  This  performance  has  been  measured  with  and  without  rudders  present 

as  reported  in  [5].  The  twin-rudder  arrangement  reported  in  [4]  indicated  significant 

gains  in  efficiency  by  their  use.  A twin-rudder  configuration  is  undoubtably 

more  effective  in  reducing  slipstream  swirl  and  would  explain  a good  portion  of 

the  efficiency  gain. 

In  any  event,  the  use  of  the  rudders  as  a means  to  reduce  the  swirl  in  the 
slipstream  is  an  ineffective  means  of  recovering  the  energy  and  reducing  the  added 
drag  component.  Flow  separation  about  the  rudders  certainly  occurs  and  if  sufficient 
gains  in  efficiency  and  power  reduction  can  be  achieved,  the  added  cost  and  complexity 
of  a stationary  vane  system  might  be  justified. 

Example 

The  evaluation  of  the  magnitude  of  the  efficiency  and  power  losses  associated 
with  swirl  in  the  slipstream  shall  be  estimated  using  the  velocity  measurements 
of  the  ducted  propeller  arrangement  reported  in  [5].  Flow  measurements  as  reported 
in  (53  f or  ducted  propellers  are  very  scarce,  and  it  is  therefore  suggested  that 
future  research  and  development  on  ducted  propellers  would  benefit  a great  deal 
from  similar  measurements  on  other  ducted  configurations. 

The  velocity  surveys  at  the  duct  exit,  [5],  Indicate  an  average  value  of 
Vj/V^  approaching  2.40,  if  corrections  are  included  for  area  change  between  the 
measuring  station  and  the  plane  of  the  rotor.  The  indicated  advance  ratio  at 
which  the  data  was  obtained  is  C.356.  This  data  results  in  a value  of  AV/V^  of 
1.40  and  a V^/V^,  evaluated  from  equation  (18),  of  0.523.  This  computed  value 
is  in  close  agreement  with  a V^/V^  of  0.500  measured  at  a nondlmenslonal  radius 
of  0.7  in  [5]. 
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The  total  propulaor  thrust  coefficient  can  be  computed  from  equation  (5) 
and  results  in  a OjT  of  6.72.  The  added  drag  Increment  ACp  resulting  from  rotation 
in  the  wake  was  computed  by  graphical  integration  of  equation  (17)  using  the  experi- 
mental tangential  velocity  distribution  given  in  [5].  The  resulting  AC^  was  0.336 
which  is  5.0  percent  of  the  total  propulsor  thrust.  Using  a computed  value  of 
V^/Vn  of  0.523  and  a inner  radius  limit  of  0.1  in  equation  (17),  a value  of  ACD 
of  0.494,  or  7.3  percent  of  the  total  propulsor  thrust  is  obtained.  This  is  good 
agreement  considering  the  assumptions  made  in  the  development  of  equation  (17). 

It  is  also  noted  that  the  tangential  velocity  distribution  measured  in  [5]  deviates 
somewhat  from  a free  vortex,  contrary  to  the  assumptions  used  in  deriving  equation 
(17). 

The  above  analysis  indicates  that  the  added  drag  resulting  from  rotation 
in  the  slipstream  amounts  to  between  5-7  percent  of  total  propulsor  thrust  and 
that  power  losses  of  this  same  percentage  could  result.  From  equation  (17),  it 
was  previously  Indicated  that  these  losses  are  directly  proportional  to  the  square 
of  the  change  in  advance  ratio. 

The  kinetic  energy  loss  associated  with  slipstream  rotation  is  represented 
by  the  changes  in  propulsive  coefficient,  computed  by  equations  (6)  and  (7). 

The  propulsive  coefficients  computed,  using  a AV/V^  - 1.4  and  Vg/V^  « 0.500  based 
on  the  experimental  data  of  [5],  result  in  np  ■ 58.82  assuming  zero  rotation  and 
np  ” 55.92  including  the  effects  of  rotation.. 

The  combined  effect  of  kinetic  energy  losses  and  added  drag  due  to  slipstream 
rotation  amounts  to  predicted  power  losses  of  between  8-10  percent.  It  is  of 
significance  that  these  losses  would  Increase  substantially  with  relatively  small 
Increases  in  design  advance  ratio;  however,  an  increase  in  design  advance  may 
be  desirable  for  reasons  of  cavitation  resistance. 

Suggested  Ducted  Propeller  Configurations 

The  potential  gains  in  efficiency  that  can  be  realized  by  eliminating  the 
rotation  in  the  propulsor  slipstream  could  justify  the  use  of  a stationary  set 
of  vanes.  Two  alternatives  exist: 

(1)  A set  of  vanes  could  be  located  upstream  of  the  rotor  and  place  swirl 
in  the  flow  counter  to  that  placed  in  by  the  rotor.  The  resulting 
discharge  from  the  duct  nozzle  would  be  axial  with  no  rotation. 

(2)  A set  of  vanes  could  be  located  downstream  of  the  rotor  to  reduce 
the  swirl  to  zero  before  discharge  of  the  slipstream  from  the  duct. 

These  two  configurations  are  depicted  in  Figure  (4)  and  would  result  in  a 

slightly  longer  duct  than  commonly  used.  The  wetted  frictional  drag  of  the  ducted 
propulsor  in  [5]  amounts  to  approximately  0.5  percent  of  total  propulsor  thrust 
and  therefore  small  increases  in  length  would  result  in  small  losses  in  power. 
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The  vines  in  front  of  the  rotor  offer  a better  configuration  for  backing 
and  stopping  operation  of  the  propulsor  and  could  result  in  a no re  unifora  inflow 
to  the  rotor.  This  configuration  would  tend  to  Increase  the  velocity  relative 
to  the  rotor  blades  and  decrease  cavitation  resistance;  however,  if  flow  distortions 
are  attenuated  by  their  action,  this  would  tend  to  Improve  cavitation  resistance. 

As  such,  it  is  possible  that  little  loss  in  cavitation  resistance  would  occur 
with  the  ducted  propulsor  with  vanes  upstream  of  the  rotor.  Additionally,  the 
elimination  of  a cavitatlng  hub  vortex  by  either  of  these  arrangements  would  result 
in  a more  effective  rudder  action  and  conceivably  less  vibration. 

A potential  advantage  of  these  arrangements  is  the  capability  of  decreasing 
design  shaft  speed  to  provide  improved  cavitation  resistance.  This  can  be  achieved 
without  increasing  the  diameter  of  the  propulsor  or  increasing  the  kinetic  energy 
loss  or  added  drag  due  to  rotation  in  the  far  wake. 

Experimental  Evaluation  of  Ducted  Propeller  Flow  Fields 

The  Importance  of  a knowledge  of  velocities  and  pressure  throughout  a ducted 
propeller  cannot  be  overemphasized.  Such  measurements  should  include  flow  surveys 
at  the  inlet  and  exit  of  the  propeller,  at  the  exit  of  the  duct,  and  at  a station 
approximately  one  duct  diameter  downstream  of  the  exit.  These  measurements  can 
best  be  conducted  with  a five-hole  probe  giving  three  components  of  velocity, 
together  with  the  distributions  of  total  and  static  pressure.  The  use  of  these 
data  in  the  analysis  of  ducted  propeller  performance  has  been  discussed  earlier. 

Care  must  be  exercised  in  the  use  of  these  probes  near  the  duct  walls  as  significant 
errors  can  arise  from  the  probe  wall  interference.  This  Interference  can  be  minimized 
by  proper  calibration  of  the  probes  near  a wall  in  a known  flow.  With  the  advent 
of  the  Laser  Doppler  Velocimeter  (LDV)  surveys  of  the  velocity  field  in  the  absence 
of  probe  interference  can  be  conducted.  However,  the  use  of  a LDV  still  requires 
the  flow  to  be  probed  to  obtain  the  distribution  of  total  pressure.  The  total 
pressure  can  be  obtained  more  easily  and  accurately  with  conventional  probes  than 
the  static  pressure.  The  presence  of  a probe  in  a three  dimensional  rotational 
flow  field  will  cause  a disturbance  which  results  in  inaccurate  static  pressure 
readings. 

. A Laser  Velocimeter  system  as  shown  by  Figure  (5)  has  been  used  in  conjunction 
with  the  large  48-lnch  diameter  water  tunnel  at  the  Applied  Research  Laboratory 
at  The  Pennsylvania  State  University.  This  system  has  been  used  to  obtain  the 
flow  field  at  a number  of  stations  through  various  propulsor  arrangements  mounted 
on  axlsymmetrlc  bodies. 

SUMMARY  AND  RECOMMENDATIONS 

The  literature  Indicates  that  the  powering  performance,  cavitation  and  flow 
field  within  ducted  propellers  are  strongly  effected  by  the  presence  of  the  hull 
and  rudder  appendages.  On  this  basis,  the  value  of  performance  data  obtained 
in  the  absence  of  the  hull  and  appendages  is  limited. 


Divergence  of  the  duct  eft  of  the  rotor  end  the  intended  beneficiel  results 
suggested  by  the  use  of  the  diffusion  is  shown  to  compensate  only  for  duct  blockage 
ceused  by  reel  flow  effects.  Reported  results  to  the  contrary,  should  be  eccepted 
with  ceution  until  supporting  date  indicating  the  details  of  the  flow  field  inside 
the  duct  with  varying  degrees  of  divergence  are  obtained. 

The  limited  amount  of  data  available  describing  the  flow  field  at  the  discharge 
from  a ducted  propeller  has  been  reviewed  and  indicates  that  relatively  high  jet 
velocities  exist.  These  jet  velocities  are  far  higher  than  those  typical  of  an 
open  propeller.  The  tangential  swirl  present  in  the  slipstream  is  also  relatively 
high  and  preliminary  analysis  Indicates  that  reductions  in  shaft  power  of  8-10 
percent  could  be  achieved  by  its  elimination. 

The  recent  development  of  the  laser  veloclmeter  offers  a convenient  means 
of  obtaining  the  details  of  the  flow  field  at  various  stations  through  the  ducted 
propeller  and  open  propeller.  By  this  means,  the  propeller  and  ducted  propeller 
can  be  studied  and  data  obtained  indicating  mass  flow,  slipstream  swirl  and  velocity 
as  a function  of  propulsor  geometry  and  advance  ratio.  The  combination  of  these 
data  with  force  measurements  provide  a basis  to  develop  improved  propulsor  configura- 
tions for  large  surface  craft. 
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flow  area  (stations  listed  on  Figures  1,  2,  3,  4) (ft  ,m  ) 

mass  flow  coefficient 

total  propulsor  thrust  coefficient 

fluid  head  (ft,m) 

advance  ratio  - vVnD. 

oo  3 

rotor  or  propeller  disk  diameter  (ft,m) 

shaft  speed  (rpm) 

static  pressure  (psf,  pascals) 

total  pressure  (psf,  pascals) 

ambient  static  pressure  (psf,  pascals) 

change  in  radius  of  curvature  of  streamlines  (ft,m) 

radius  from  axis  of  rotation  (ft,m) 

tip  radius  of  rotor  (ft,m) 

propulsive  coefficient 

wheel  velocity  (ft/sec,  m/sec) 

velocity  (ft/sec,  m/sec) 

forward  velocity  of  ship  (ft/sec,  m/sec) 

tangential  velocity  (ft/sec,  m/sec) 

meridional  velocity  (ft/sec,  m/sec) 

change  in  velocity  (ft/sec,  m/sec) 
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Figure  2 - Ducted  Propeller  with  and  without  Duct  Diffusion 
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Figure  4 - Possible  Ducted  Propeller  Configurations 
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SUPERCAVITATIMG  PROPELLER  SYSTEMS 
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IMTRODUCTION 

Scaling  problema  for  ventilated  propellers  have  been  dealt  with  in  previous  reports 
(References  1,  14  and  25)  and  summarized  in  the  ATTC  report  of  1974  (Reference  24). 

This  paper  will  not  repeat  these  discussions,  but  rather  will  deal  with  one  special 
scaling  problem  for  which  some  information  has  been  developed  as  a consequence  of  tests 
performed  on  a series  of  partially  submerged  supercavltating  propellers  in  the  past  few 
years.  (Reference  1). 

The  problem  is  that  of  determining  propeller  thrust  at  bollard  and  near  bollard  con- 
ditions (i.e.,  low  advance  ratio).  This  is  of  particular  concern  with  regard  to  sur- 
face effect  ships  which  must  be  able  to  accelerate  through  a low  speed  "hump"  in  their 
resistance  curve. 

Historically  high  speed  propeller  testing  has  been  conducted  in  variable  pressure 
water  tunnels  without  a free  surface.  Bollard  tests  cannot  normally  be  conducted  in 
such  a facility  for  a variety  of  reasons,  the  most  important  being  that  the  running  pro- 
peller will  drive  water  around  the  tunnel  loop  and  thus  prevent  equilibrium  conditions 
from  being  attained. 

However,  in  the  past,  bollard  data  has  been  of  little  interest  as  planing  boats  and 
hydrofoils  have  no  difficulty  obtaining  adequate  low  speed  thrust.  It  is  the  SES,  with 
its  low  speed  resistance  hump  combined  with  the  poor  low  speed  performance  of  venti- 
lated propellers  that  has  recently  focused  attention  on  this  region  of  a propeller  per- 
formance curve. 

MATURE  OF  SCALING  PROBLEM 

In  the  following  discussion,  the  term  "supercavltating"  will  be  used  to  describe  the 
general  operating  conditions  of  a propeller  in  which  a cavity  Is  shed  from  the  leading 
edge,  covers  the  entire  chord  of  the  blade  sec'tlon,  and  collapses  downstream  of  the 
trailing  edge  of  the  blade.  Under  such  conditions,  the  low-pressure  back  of  each  blade 
is  limited  in  its  thrust  producing  capability  to  levels  determined  by  its  projected 


area  and  the  cavity  preaaure,  while  the  thrust  produced  by  the  high  pressure  face  is 
controlled  by  hydrodynamics.  Previously,  designers  and  experimenters  have  "corrected" 
propeller  performance  predictions  for  differences  in  cavity  pressure  by  assuming  that 
the  blade  performance  would  be  changed  in  a manner  similar  to  that  of  an  isolated  foil 
and  that  the  propeller  inflow  conditions  would  not  be  significantly  altered.  Recent 
studies  (Reference  1)  have  shown  that  this  is  not  a good  assumption  at  low  advance 
ratios  and  that,  under  some  operating  conditions,  the  cavity  pressure  becomes  the  do- 
minant parameter  in  controlling  the  inflow  and  thus  the  propeller  performance.  Under 
these  conditions,  the  correct  scaling  of  cavity  pressure  in  water  tunnel  or  towing  ba- 
sin tests  becomes  vital  if  these  data  are  to  represent  full  scale  performance  - date 
cannot  be  "corrected”  to  reflect  differences  between  model  and  full  scale  cavitation 
numbers . 


Under  normal  operating  conditions,  the  minimum  cavity  pressure  which  can  exist  is 
about  equal  to  vapor  pressure.  However,  the  cavity  pressure  will  generally  be  higher 
than  this  value  due  to  the  inclusion  of  air  or  other  gas  into  the  blade  cavities.  Such 
air  may  come  from  entrained  bubbles  or  may  occur  through  the  diffusion  of  dlsolved  gas 
from  the  surrounding  water;  it  may  be  ingested  from  the  free  surface  or  from  other 
nearby  cavities  shed  by  struts,  rudders,  or  underwater  engine  exhaust;  or  it. may  be 
purposefully  injected  into  the  cavities  to  "ventilate"  them. 


Cavity  pressure  is  expressed  nondlmenslonally  as  the  "cavity  cavitation  number' 


The  reference  velocity  "V"  is  either  the  advance  velocity  of  the  propeller  through  the 

surrounding  water  V or  the  mean  relative  velocity  seen  by  a blade  section  V , de- 
A m 

pending  on  the  phenomenon  being  described  (see  Figure  1) . Mote  that  is  maximum  whet 
the  static  pressure  is  vapor  pressure  and  is  then  equal  to  the  vapor  cavitation  number 
of  the  flow  o : 


Note  also  that  there  is  a relationship  between  a and  Froude  number  in  that  the  static 

c 

pressure  is  a function  of  depth.  In  the  case  of  a naturally  ventilated  propeller  with 
atmospheric  pressure  in  the  cavities: 


depth 


The  implication  of  Equation  5 Is  that,  for  a naturally  ventilated  propeller,  the 
cavitation  number  will  never  be  zero.  It  will  be  seen  this  Is  of  great  Importance  for 
partially  submerged  propellers  at  low  advance  ratios  or  near  bollard  operation. 

In  general  the  cavity  will  not  be  at  atmospheric  pressure,  even  for  a ventilated  pro- 
peller, but  will  have  higher  than  atmospheric  pressure  owing  to  pressure  losses  of  air 
flowing  Into  the  cavities. 

NEAR  BOLLARD  PERFORMANCE 

Figures  2 and  3 taken  from  date  of  References  7 and  1,  are  typical  curves  of  propel- 
ler performance  showing  thrust  coefficient  (K^)  and  efficiency  (n)  as  a function  of  ad- 
vance ratio  (J).  These  figures  are  for  a partially  submerged  propeller  operating  with 
naturally  ventilated  cavities.  Five  operating  regimes  are  shown  on  Figure  2 which  In- 
dicate the  dominate  feature  of  the  flow  governing  performance  in  each  regime.  Of  con- 
cern here  is  the  region  of  lowest  advance  ratios  indicated  as  "Thrust  Dominated  by 

Blade  o ". 
c 

The  flow  in  this  region  Is  characterized  by  blade  cavities  so  large  that  they  im- 
pinge on  the  following  blade  or,  in  some  cases,  actually  engulf  the  following  blade. 

The  appearance  of  the  flow  behind  the  propeller  changes  from  one  of  discrete  helical 
cavities  to  one  of  an  unstructured  "muff"  of  cavities  as  the  advance  ratio  is  reduced 
to  near  bollard  conditions. 
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Figure  3 shows  performance  for  a large  range  in  pitch  angle  settings  from  5 degrees 

above  design  pitch  (D+5)  to  15  degrees  below  design  pitch  (D-15) . Note  that,  although 

reduced  pitch  results  In  Improved  low  advance  ratio  efficiency,  it  has  almost  no  effect 

on  at  the  lowest  advance  ratios  for  which  data  was  obtained  in  this  experiment.  In 

fact,  systematic  model  tests  have  shown  that  propeller  geometry  has  almost  no  impact  on 

achievable  values  at  and  near  bollard  operation,  although  geometry  does  influence 

efficiency.  This  Includes  such  gross  parameters  as  blade  profile,  section  shape,  blade 

area,  design  and/or  operating  pitch,  and  even  the  number  of  blades.  The  only  parameters 

which  seem  to  be  able  to  change  the  thrust  capability  in  this  regime  are  cavity  pressure 

and  RPM.  Nondlmenslonally,  these  combine  into  one  parameter  at  bollard,  and  that  la 

O based  on  the  mean  relative  velocity  of  a blade  section  V . This  Influence  can  be 
c m 

seen  on  Figure  2 where,  at  very  low  values  of  "J"  there  are  two  sets  of  data  shown  for 
Ej.*  The  upper  set  was  obtained  at  constant  RPM  with  decreasing  advance  velocity,  the 
lower  set  was  obtained  with  constant  advance  velocity  and  Increasing  RPM  as  zero  J 

(bollard)  was  approached.  This  latter  set  resulted  in  much  lower  values  of  o (based 

c * 

on  Va)  and  thus  lower  values  of  Ej,  at  bollard.  At  higher  advance  ratios,  the  two  sets 
of  data  merge  together  and  this  effect  Is  lost.  This  dependence  of  Ej.  on  cavity  pres- 
sure Is  further  Illustrated  in  Figure  4,  from  Reference  25,  for  the  case  of  zero  ad- 
vance velocity  and  varying  depths  of  submergence.  Here  again,  an  Increase  in  o , either 

c 

through  a drop  in  cavity  pressure  or  by  a reduction  In  blade  velocity,  results  In  an 
Increase  in  Rg. 
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It  should  be  recognised  that  if  the  cavity  pressure  were  actually  equal  to  the  static 
pressure  of  the  surrounding  fluid,  there  could  be  no  pressure  gradient  ahead  of  the  pro- 
peller to  accelerate  the  flow.  Then,  at  sero  advance  speed,  there  would  be  no  flow 
through  the  propeller  disk.  Fortunately,  as  has  been  explained,  the  cavity  pressure  Is 
always  slightly  less  than  the  fluid  pressure,  even  for  a partially  submerged  propeller, 
because  of  the  increase  in  pressure  with  depth.  That  Is,  the  Froude  number,  and  thus 
the  cavitation  number  can  never  be  exactly  zero  over  the  entire  propeller  disk  (Equa- 
tion 5). 

The  level  of  thrust  generated  at  bollard  and  near  bollard  conditions  is  thus  very 

sensitive  to  cavitation  number  and  this  parameter  must  be  scaled  If  test  data  are  to  be 

meaningful  for  these  conditions.  Altmann  (Reference  25)  states  that: 

"Unless  both  full  scale  and  model  scale  ratios  of  static  cavity 

pressure  to  dynamic  streamline  pressure  (which  are  characterized 

by  c?c)  are  matched  exactly,  neither  the  inflow,  section  performance, 

cascade  effect,  or  outflow  of  the  propeller  model  will  be  correct. 

Without  exaggeration  it  may  be  stated  that  blade  section  shape 

might  just  as  well  not  be  "scaled"  if  a is  not  also  correct. 

c 

The  plight  of  the  propeller  designer  is  serious;  with  the  ex- 
ception of  air-filled  semi-submerged  propellers,  the  static  pressure 
in  cavities  of  full  scale  propellers  is  not  known  and,  in  fact, 
has  not  ever  been  measured". 

Froude  scaling  may  not  be  adequate  to  insure  correct  cavitation  number  matching  even 
for  ventilated  propellers.  Froude  scaled,  low  advance  ratio  tests  on  the  SES  100B  pro- 
peller indicated  that  the  propeller  would  be  marginal  in  its  ability  to  produce  ade- 
quate thrust  at  "hump"  speed.  Yet  the  prototype  accelerates  through  hump  speed  without 
difficulty.  Thus  other  parameters  may  have  effects  on  low  advance  ratio  performance  in 
that  they  indirectly  affect  cavity  pressure.  These  would  include  dissolved  and  unde- 
solved  air  content,  Reynolds  number,  Weber  number  (when  spray  is  present),  and  the  ratio 
of  air  density  to  water  density  (ADR)  in  a depressurized  test  facility.  In  the  case 
of  the  SES  100B,  it  is  believed  that  the  full  scale  propeller  does  not  ventilate  as 
readily  as  the  model  did,  and  therefore  operates  with  higher  cavity  cavitation  number , 
and  thus  produces  more  thrust  than  predicted  by  the  model  tests. 

COHCLPSION 

It  is  clear  that,  under  conditions  where  it  is  important  to  obtain  accurate  perfor- 
mance estimates  of  a supercavltating  propeller  at  or  near  bollard  conditions,  the  cavity 
cavitation  number  must  be  scaled.  In  order  to  insure  that  this  scaling  is  accomplished 
it  will  be  necessary  to  measure  the  cavity  pressure  for  both  model  and  prototype  pro- 
pellers  under  operating  conditions.  It  is  not  adequate  to  assume  that  the  cavity  pres- 
sure will  be  atmospheric  for  a ventilated  propeller  or  vapor  pressure  for  a fully 
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submerged  propeller  as  there  are  many  parameters  which  influence  the  cavity  pressure. 
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WATERJET  PROPULSION  SYSTEM  PERFORMANCE  ANALYSIS 

- toy 

E.  R.  Miller,  Jr. 

HYDRONAUTICS,  Incorporated 

INTRODUCTION 

Waterjet  propulsion  systems  continue  to  find  limited  applications  in 
commercial  and  naval  vessels.  In  general  the  overall  efficiency  of  a 
waterjet  propulsion  system  will  be  lower  than  a propeller  system  for  the 
same  application.  Thus  waterjet  propulsion  systems  find  applications 
when  other  factors  such  as  transmissions,  draft  limits,  etc.  outweigh 
considerations  of  overall  efficiency.  Some  recent  and  proposed  waterjet 
applications  to  naval  vessels  Include  the  SES  100A,  the  PHM,  the  3KSES 
and  the  OSPREY  conversion.  Recent  commercial  applications  include  the 
Jetfoils,  a class  of  ferries  for  San  Francisco  Bay  and  a high  speed  plan- 
ning hull  crew  boat. 

Relative  to  more  conventional  marine  propulsion  systems,  waterjet 
systems  present  some  unique  problems  with  respect  to  performance  analysis. 
This  is  particularly  true  in  the  area  of  model  and  full  scale  experimental 
determination  of  system  performance.  A complete  self-propelled  model 
test,  analogous  to  such  tests  for  a conventional  propeller  driven  ship, 
cannot  be  conducted  due  to  scale  effect  problems  with  the  pump  and  in- 
ternal flow  passages.  As  a result,  both  for  theoretical  and  experimental 
evaluation  of  performance,  it  is  convenient  to  divide  a waterjet  propul- 
sion system  into  different  elements.  The  performance  of  each  element  can 
be  determined  and  based  on  their  performance;  the  overall  system 


performance  can  be  determined.  The  typical  elements  Include  propulsion 
appendages.  Inlet,  diffuser,  pump  and  nozzle.  This  approach  requires  a 
valid  theoretical  model  of  overall  system  performance  based  on  element 
performance  and  a rigorous  accounting  system  to  keep  track  of  all  of  the 
Interaction  effects. 

The  literature  on  the  design  "and  analysis  of  waterjet  propulsion 
systems  is  extensive  and  the  basic  cqncepts  and  theories  are  well  under- 
stood. Reference  1 presents  a good  overview  and  an  extensive  list  of 
references.  Thus,  this  report  will  concentrate  on  the  more  limited 
aspects  of  the  techniques  used  for  the  experimental  determination  of 
waterjet  system  performance,  both  model  and  full  scale,  and  the  analysis 
used  to  Interpret  and  apply  the  experimental  data.  The  following  sections 
of  this  report  provide  additional  background  Information,  describe  the 
techniques  and  equipment  typically  used  for  model  and  full  scale  experi- 
ments and  discuss  the  Interpretation  and  application  of  the  data. 

BACKGROUND  INFORMATION 

In  order  to  provide  a clearer  understanding  of  the  role  of  experi- 
ments In  the  evaluation  of  waterjet  propulsion  system  performance,  it  is 
useful  to  briefly  review  some  of  the  problems  associated  with  each  of  the 
elements  in  the  system  and  to  review  the  equations  which  describe  overall 
system  performance. 

Propulsion  Appendages:  Waterjet  propulsion  appendages  are  those 
structures  or  modifications  to  the  basic  craft  geometry  necessary  or 
desirable  for  the  Installation  of  the  waterjet  Inlet.  The  most  common 
propulsion  appendages  include  the  strut  and  pod  for  a strut-pod  inlet  or 
the  fairing  necessary  to  provide  a horizontal  surface  for  the  installa- 
tion of  a flush  or  a semi-flush  inlet.  Strut-pod  inlets  are  most  commonly 
used  on  hydrofoil  vessels  although  the  SES  100A  was  originally  equipped 
with  such  an  inlet.  The  strut  and  pod  have  significant  drag  and  may 
affect  the  stability  and  control  characteristics  of  the  vessel.  At  high 
speeds  cavitation  on  the  strut  and  pod  are  potential  problems.  Theo- 
retical and  empirical  methods  are  used  to  design  the  strut  and  pod  but 
model  testing  has  been  found  to  be  necessary  to  determine  cavitation 
characteristics  and  to  obtain  reliable  drag  predictions.  Flush  or  semi- 
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flush  inlets  are  used  on  planing  boats  and  SES.  The  hull  of  a planing 
boat  Is  normally  suitable  for  an  inlet  Installation  so  no  propulsion 
appendages  are  required.  For  SES,  which  usually  have  significant  side- 
hull  deadrise  angles,  a fairing  is  required  to  provide  a horizontal  sur- 
face which  will  not  ventilate  at  significant  yaw  or  cross  flow  angles. 

The  theoretical  and  empirical  information  available  for  the  design  of 
flush  inlet  fairings  is  very  limited  and  as  a result  considerable  reliance 
is  placed  on  model  testing.  This  is  particularly  true  for  the  prediction 
of  inlet  ventilation  and  broaching. 

Inlet:  Both  strut-pod  and  flush  or  semi-flush  type  inlets  have  been 
used.  Each  type  has  significant  advantages  and  disadvantages  which  are 
outlined  in  Reference  1.  In  general,  flush  or  semi-flush  inlets  are  used 
on  craft  which  have  hulls  in  contact  with  the  surface  because  of  their 
lower  appendage  drag.  The  inlet  design  is  governed  by  the  inflow  re- 
quirements as  a function  of  craft  speed.  Many  water jet  propelled  craft 
have  high  drag  at  both  a low  speed  (hump  or  takeoff)  and  at  top  speed. 

As  a result,  the  system  flow  rate  is  about  the  same  over  a wide  speed 
range.  This  requires  the  inlet  to  operate  over  a wide  range  of  inlet 
velocity  ratios  (IVR's)  or  to  have  variable  inlet  area.  Low  and  moderate 
speed  craft,  for  which  cavitation  is  not  a problem,  have  fixed  area  in- 
lets which  operate  over  a range  of  IVR's.  Operation  over  a wide  range 
of  IVR's  implies  large  variations  in  the  inlet  lip  angle  of  attack,  and 
at  high  speed  a large  lip  leading  edge  radius  is  required  for  cavitation 
free  operations.  Tfiis  large  lip  radius  results  in  high  inlet  drag  and 
creates  a venturi  effect  within  the  inlet  which  requires  a low  design  IVR 
at  high  speed  to  avoid  cavitation.  A low  IVR  further  increases  the  inlet 
drag.  For  these  reasons  many  recent  high  speed  waterjet  propelled  craft 
have  been  equipped  with  variable  area  inlets.  Figure  1 illustrates  some 
of  the  concepts  for  variable  area  inlets. 


Design  methodologies  are  reasonably  well  developed  for  both  strut- 
pod  and  flush  or  semi-flush  inlets.  Strut-pod  inlets  for  very  high  speeds 
cause  the  most  problems.  References  2 to  7 provide  representative  exam- 
ples of  the  design  methodologies  now  in  use.  Model  tests  were  used  ex- 
tensively in  the  development  of  these  design  methodologies  and  are  still 
required  to  confirm  inlet  drag  predictions  and  cavitation  performance. 


Diffusers:  The  diffuser-ducting  design  is  largely  determined  by 
inlet  and  pump  imposed  boundary  conditions.  The  basic  geometry  of  the 
diffuser  system  is  determined  by  inlet  location,  area,  aspect  ratio  and 
variable  area  factor;  pump  location,  flange  geometry,  total  discharge  and 
flow  coefficient,  diffusion  schedule  selection,  and  splitting  require- 
ments. In  strut-pod  inlets  the  diffuser  design  and  performance  are 
closely  related  to  external  geometry  and  system  drag.  For  flush  inlet 
system  diffuser  geometry  has  little  influence  on  external  shape  and  drag. 

Strut-pod  inlets  usually  ingest  a very  uniform  flow  and  as  a result 
available  theoretical  and  empirical  procedures  can  be  used  for  the  cruise 
speed  condition  to  design  diffuser  and  turning  vane  geometry  and  to  make 
the  complex  design  tradeoffs  which  result  from  the  need  to  balance  in- 
ternal losses  against  external  drag.  Model  tests  have  been  performed  on 
final  diffuser  designs  for  strut-pod  inlets  to  develop  variable  geometry 
for  off-design  conditions  and  to  confirm  the  cavitation  performance, 
energy  recovery  and  flow  distribution  into  the  pump. 

Flush  inlets  ingest  a highly  non-uniform  flow  due  to  the  hull  bound- 
ary layer  and  flow  turning  and  prediffusion.  As  a result  of  velocity 
nonuniformities,  the  diffuser  typically  operates  partially  stalled.  In 
many  applications  the  diffuser  is  complicated  by  the  need  to  transition 
from  rectangular  inlet  geometry  to  a circular  pump  Inlet  and  or  to  split 
the  flow  from  one  inlet  to  more  than  one  pump.  Data  and  design  procedures 
for  flush  inlet  diffusers  are  very  limited  and  as  a result  model  testing 
Is  essential  in  the  development  of  diffuser  geometry  and  performance  pre- 
diction. A substantial  amount  of  the  flush  inlet  diffuser  development 
testing  to  date  has  been  carried  out  in  wind  tunnel  type  facilities.  Flow 
channels  are  used  when  the  potential  occurrence  of  cavitation  is  a major 
concern.  In  either  case  measurements  are  made  of  pressure  distributions, 
energy  recovery,  effectiveness  and  outlet  flow  velocity  distribution. 

Pumps:  A wide  range  of  pump  types  have  been  used  in  water Jet  pro- 
pulsion systems.  It  is  desirable  that  the  pumps  in  a waterjet  propulsion 
system  have  high  efficiency,  light  weight  and  operate  without  damage  or 
significant  thrust  breakdown  at  the  minimum  operating  Net  Positive  Suction 
Head  (NPSH).  Pump  cavitation  performance  is  usually  characterized  by 
suction  specific  speed  N 


170 


where 


(NPSH) 


N = Pump  RPM 
Q » Discharge  GPM 
NPSH  = Net  Positive  Suction  Head 


■nie  greatest  danger  of  pump  cavitation  occurs  at  hump  or  takeoff  speeds 
when  the  discharge  is  high  and  the  NPSH  is  low. 

Water Jet  propulsion  pumps  based  on  conventional  commercial  design 

can  operate  cavitation  free  at  values  of  N between  8,000  and  12,000. 

s s 

Manufacturers  of  high  performance  pumps,  which  are  derivatives  of  rocket 
fuel  pumps  and  which  may  include  inducers,  claim  that  operation  free  of 
cavitation  damage  is  possible  at  values  of  N of  about  25,000.  A dis- 
cussion  of  the  many  considerations  in  pump  selection  and  preliminary 
design  is  piesented  in  Reference  8.  As  a practical  matter,  for  high  per- 
formance water Jet  propulsion  system,  there  are  only  a limited  number  of 
pump  designs  available.  These  pumps  have  undergone  a long  evolutionary 
development  based  on  the  technology  developed  for  high  performance  rocket 
fuel  pumps.  The  critical  issues  faced  by  the  propulsion  system  designer, 
from  the  standpoint  of  experimental  validation  of  performance,  include  the 
prediction  of  cavitation  damage  from  tests  of  sub  scale  pumps  and  the  need 
to  assure  that  the  cavitation  and  pump  performance  are  valid  for  the  act- 
ual inflow  velocity  condition  expected. 

Nozzles:  Fixed  area  nozzles,  which  have  very  high  efficiencies  (98 
percent),  are  almost  always  used.  Such  nozzles  are  often  integral  with 
the  pump  casing.  Nozzle  calibration  experiments  for  head  vs.  discharge 
and  Jet  area  are  often  conducted  since  such  data  are  needed  in  overall 
system  performance  determination. 

Thrust  Available  and  Overall  Efficiency:  In  the  analysis  of  water- 
jet  propulsion  systems  it  is  typical  to  use  the  bare  hull  resistance  or 
EHP  as  the  reference  condition  for  determining  the  required  net  thrust 
available  and  defining  the  overall  system  efficiency.  Following  this 
convention  and  ignoring  the  presence  of  a boundary  layer  and  assuming  a 
horizontal  Jet  discharge,  the  basic  relationships  required  to  define  the 
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system  performance  are: 


T - pQ(V  - U ) 

gross  * ' J o' 


hp-fifiSH 

Vt 

U * 

NPSH  - hc  + (1-k)  -|j  - Ah 

V * U » 

H * 2g^  " (1‘k)  "fg  + Ah 


Q = VjAj  = V1Ai  = (IVR)UoA1 


where 

p =*  mass  density  of  water 
Vj  « Jet  velocity,  Aj  * Jet  area 
UQ  = craft  forward  speed 
g = acceleration  due  to  gravity 

= average  inlet  velocity,  * inlet  area 
rip  = pump  efficiency 
rit  = transmission  efficiency 
hQ  = ambier.t  static  pressure 
k ■ diffuser  or  internal  loss  coefficient 
Ah  = elevation  change  between  nozzle  exit  and  water  surface 
= nozzle  efficiency 

rra  = v/uD 

With  minor  variations  in  the  characterization  of  system  losses,  the  fol- 
lowing approach  is  used  in  formulating  propulsive  efficiency. 

T U (V  -U  )U  ri  ri. 

n = g ?°.B*  ° « ■ 1 . ° °V*  (7) 

* 550  x hp  gH 


defining: 


* * ^ • % ' \ ’ “*  - 


and  substituting  the  relationship  for  from  equation  (5)  into  equation 
(7)  yields: 


" „ JL  = 2T  Vl-K  + H*-Il 

T'p  *** 


(8) 


This  relationship,  plotted  in  Figure  2,  reveals  that  propulsive  effi- 
ciency depends  on  the  system  loss  and  on  the  pump  head,  there  existing 
an  optimum  pump  head  (Jet  velocity  ratio)  for  each  loss  coefficient. 

An  overall  propulsive  coefficient  based  on  net  propulsor  thrust  is 
a better  criterion  than  propulsive  efficiency.  Defining  overall  propul- 
sive coefficient  as 


T .U 
net  o 


°PC  550  x hp 


where 


rnet  " ^ W ' S/i^V 


(9) 


(10) 


and  accounting  for  nozzle  and  transmission  efficiency  and  the  presence  of 
the  boundary  layer: 

, . 2[V[V*/U  )*  (1-K)  + H*]n  - (V  /U  )]  - A 

opc  = (nptit)  x — — — a ^—2 (n) 

where  V*  and  Vffl  are  the  energy  velocity  and  momentum  velocity  of  the 
ingested  boundary-layer  flow,  and  CD  is  the  drag  coefficient  of  the 
inlet  and  associated  appendages,  based  on  inlet  area  and  ship  speed.  In 
this  definition  of  overall  propulsive  coefficient  it  is  assumed  that  the 
added  drag  due  to  the  weight  of  water  in  the  system  is  included  in  the 
bare  hull  drag.  Care  should  be  used  in  making  system  tradeoffs  to  accounl 
for  these  interaction  effects. 
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Equation  11  provides  a summary  of  the  various  factors  which  must  be 
Known  In  order  to  predict  water Jet  propulsion  system  performance.  In 
addition  to  pump,  transmission  and  nozzle  efficiency,  which  should  be 
available  from  component  suppliers,  the  system  designer  must  determine 
internal  losses,  K,  external  and  inlet  drag,  , and  energy  and  momentum 
velocity,  V*  and  V^,  of  the  Ingested  boundary  l&yer  flow.  Experiments 
play  a major  role  in  the  determination  of  this  information  as  well  as  in 
the  determination  of  cavitation  performance  and  pun?)  inlet  flow  conditions. 
The  remaining  sections  of  this  paper  describe  typical  experimental  pro- 
cedures which  are  used  to  measure  these  parameters  and  the  analysis  re- 
quired to  interpret  these  experiments. 

MODEL  TESTING  PROCEDURES  AND  ANALYSIS 

As  indicated  above,  model  testing  plays  an  important  role  In  the 
design  and  performance  analysis  of  waterjet  propulsion  systems.  In  addi- 
tion to  the  determination  of  pun?)  performance,  which  is  usually  done  by 
the  pun?)  manufacturer,  model  testing  is  used  to  determine  appendage  and 
inlet  drag.  Inlet  performance  and  diffuser  performance.  In  the  United 
States,  most  of  the  recent  testing  has  been  carried  out  by  HYDRONAUTICS, 
Incorporated,  DTNSRDC,  California  Institute  of  Technology  and  Rohr  Marine. 
The  discussion  which  follows  in  this  section  is  presented  in  terms  of  the 
type  of  information  to  be  developed  rather  than  in  terms  of  test  facil- 
ities or  model  types.  The  three  basic  types  of  information  needed  are 
(1)  Appendage  and  Inlet  Drag,  (2)  Inlet  Performance  and  (3)  Diffuser  Per- 
formance. In  many  cases  the  same  model  and  test  facility  are  used  to 
determine  all  of  these.  It  is  assumed  that  the  pump  performance  will  be 
developed  by  the  pump  manufacturer  so  pump  testing  is  not  discussed 
further  in  this  section. 

Appendage  and  Inlet  Drag 

The  appendage  and  inlet  drag  may  be  determined  from  tests  conducted 
in  a towing  tank.  In  a free  surface  flow  channel  or  In  a closed  throat 
water  tunnel.  There  are  limitations  imposed  by  tests  in  each  type  of 
facility.  In  towing  tank  experiments  appendage  models  tend  to  be  small 
and  thus  subject  to  scale  effects  due  to  Reynolds  number.  Also,  cavita- 
tion numbers  cannot  be  scaled.  In  a free  surface  flow  channel  or  water 


tunnel  the  appendage  models  are  larger  and  cavitation  number  is  scaled. 
However,  the  complete  external  flow  field  of  the  craft  is  not  represented 
| and  this  may,  in  some  cases,  influence  appendage  drag.  In  a closed 

| I 

throat  water  tunnel  the  effects  of  a free  surface  on  drag  cannot  be 
determined. 

The  usual  procedure  has  been  to  determine  appendage  drag  by  tests  of 
bare  hull  model  and  the  model  fitted  with  appendages.  The  inlet  is 
blocked  off  and  faired  over  and  there  is  no  flow  through  the  system. 
Therefore: 


where 


(12) 


DA  = appendage  drag 
Dah  = drag  of  appended  hull 
Dbh  = drag  of  bare  hull 

K = calculated  friction  drag  on  the  fairing  over  the  inlet 


In  this  definition  the  appendage  drag  includes  drag  due  to  the 
appendages  and  also  changes  in  vehicle  drag  due  to  effects  the  appendage 
may  have  on  lift  and  trim.  This  is  usually  not  significant  on  the  SES 
but  may  be  significant  on  a hydrofoil  or  plaining  boat.  Therefore,  it  is 
important  that  the  tests  include  a range  of  trim  angles  and  drafts  and 
that  be  determined  on  the  basis  of  expected  prototype  trim  and  draft 
rather  than  constant  model  LCG,  seal  deflection,  trim  "tab  setting,  etc. 
This  type  of  test  loses  Its  meaning  if  the  flow  through  the  inlet  can  be 
expected  to  have  a significant  effect  on  the  flow  field  around  the 
appendages.  A high  speed,  cavity  running  strut-pod  inlet  would  be  such 
a case.  The  drag  of  a strut-pod,  which  is  Independent  of  the  hull,  can 
be  determined  from  a test  of  the  appendage  alone. 


The  Inlet  drag  is  the  external  drag  which  can  be  attributed  to  the 
inlet  itself.  The  inlet  drag  tests  are  conducted  with  the  inlet  un- 
covered and  the  appropriate  ramp  and  lip  combination  installed.  The 
inlet  drag  is  determined  over  a range  of  inlet  velocity  ratios.  The 
inlet  drag  is  defined  by 
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Di  ■ D«  + 0,WTJ  - V - 'dah  - K>  (13) 

where 

D1  = inert  drag 

D = drag  measured  with  the  drag  balance 
m 

) = thrust  minus  ingested  momentum 

J m 

By  this  definition  the  inlet  drag  includes  the  drag  on  the  external  sur- 
face of  the  lip  and  sideplates,  if  any,  as  well  as  any  effects  the  inlet 
flow  has  on  the  overall  craft  drag.  For  an  SES,  where  the  inlet  flow 
could  cause  an  unwetting  of  the  sidehull  behind  the  inlet,  the  inlet  drag 
could  be  negative.  Again,  it  is  Important  that  Dj^  in  equation  (13)  he 
determined  on  the  basis  of  expected  prototype  trim  and  draft. 


The  experiments  necessary  to  measure  inlet  drag  with  flow  through 
the  inlet  are  about  on  the  order  of  magnitude  more  complex  than  the  ex- 
periments to  determine  appendage  drag  with  no  inlet  flow.  The  complexity 
results  from  the  need  to  determine  Q,  and  Um  and  the  likely  need  to 
include  a pump  on  the  model  to  get  a large  enough  Q to  reach  high  IVR's. 
Experiments  of  this  type  have  been  carried  out  by  DTNSRDC  in  a towing 
tank  with  large  SES  models  (1/20  scale  for  3KSES)  and  with  a large  (1/3 
scale)  planing  hull  model.  HYDRONAUTICS,  Incorporated  has  conducted  a 
number  of  these  tests  in  its  variable  pressure  free  surface  High  Speed 
Channel  (HSC)  using  partial  length  sidehull  models  for  SES  and  partial 
planing  hulls.  Figure  3 shows  a typical  test  setup  for  a flush  inlet  on 
an  SES  sidehull  in  the  HYDRONAUTICS  HSC.  An  interesting  feature  of  this 
test  setup  is  the  variable  area  "thrustless”  nozzle  shown  in  Figure  4. 
This  device  operates  on  the  principle  that  if  the  flow  is  internally 
turned  90  degrees  to  the  axial  direction  and  ejected  radially  there  will 
be  zero  thrust  in  the  axial  direction  and  the  radial  forces  will  cancel. 
With  the  flow  emitting  equally  in  all  directions,  the  axial  components 
at  any  yaw  or  pitch  also  cancel.  Typical  test  results  from  an  inlet  drag 
test,  performed  on  an  SES  flush  type  inlet,  using  the  equipment  illus- 
trated above  are  shown  in  Figure  5.  Substantial  data  scatter  must  be 
expected  since  the  inlet  drag  is  determined  from  small  differences  of 
large  numbers.  DTNSRDC  has  also  conducted  similar  tests  on  strut-pod 
inlets  in  their  36-inch  water  tunnel.  A typical  test  setup  is  shown  in 
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Figure  6. 

Inlet  Performance 

Measures  of  Inlet  performance  Include  energy  velocity,  energy  re- 
covery, velocity  profile,  pressure  distribution  and  cavitation  inception. 
Inlet  performance,  as  measured  by  these  parameters,  is  usually  determined 
from  water  tunnel  tests  at  scaled  cavitation  number.  The  Cal  Tech  water 
tunnel,  the  36-inch  tunnel  at  DTNSRDC  and  the  High  Speed  Channel  at 
HYDRONAUTICS,  Incorporated  have  been  used  for  these  tests.  The  following 
description  of  the  measurement  and  analysis  procedures  used  by  HYDRO- 
NAUTICS, Incorporated  for  an  SES  type  flush  inlet  are  representative  of 
the  state  of  the  art. 

Energy  Velocity  and  Recovery  Profiles  - Data  are  taken  using  pitot- 
static  rakes  in  series  with  a scani-valve  and  differential  pressure 
transudcers.  The  data  are  measured  at  three  locations,  i.e.,  boundary 
layer  survey  at  ramp  tangency  point,  inlet  survey  and  circular  outlet 
survey  (see  Figure  7). 

1.  The  boundary  layer  survey  located  at  the  ramp  tangency 
point  uses  three  pitot-static  probes  spaced  traversely  at  0.3,  0.5  and 
0.7  of  the  inlet  width.  The  survey  rake  Is  transversed  vertically 
through  the  flow  field  and  data  taken  at  the  locations  shown  in  Figure  7. 
Due  to  the  non-uniformity  of  the  boundary  layer  in  the  transverse  plane 
caused  by  the  fairing  shape,  the  root  mean  square  of  the  three  data 
points  per  level  is  used  for  data  reduction  purposes.  Thus,  producing  a 
single  value  for  each  vertical  position  which  is  then  curve  fit  to  the 
equation: 

= (y/6)1/n  (i*o 

o 

where  y is  the  vertical  distance  below  the  baseline,  n the  distribution 
parameter,  and  6 the  boundary  layer  thickness  which  is  used  in  the  data 
reduction  program  to  calculate  the  total  head  in  the  boundary  layer  (hQ) 
at  each  inlet  velocity  ratio.  This  total  head  is  used  as  a reference  on 
which  to  determine  the  losses  in  the  Inlet. 

2.  Inlet  surveys  are  performed  over  a rectangular  plane 
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positioned  as  nearly  normal  to  both  the  upper  and  lower  surfaces  of  the 
diffuser  as  possible.  Five  pitot-static  probes  are  vertically  traversed 
through  each  plane  with  data  taken  at  five  locations  totaling  25  data 
points  at  each  plane.  The  probe  positions  are  shown  in  Figure *7.  The 
25  static  and  total  head  data  points  of  each  plane  are  curve  fitted  using 
a Fourier  series.  In  principle,  the  total  head  integration  is  performed 


as  follows: 


(15) 


h and  v represent  the  local  total  head  and  velocity  corresponding  to 

(»  v 

each  differential  area,  da,  and  Q is  the  total  ingested  flow. 


3.  Outlet  surveys  are  acquired  over  the  circular  outlet  plane 
using  a four  probe  rotary  rake.  Both  total  and  static  measurements  are 
taken  at  8 equally  spaced  positions  around  the  outlet,  providing  32  data 
points.  The  probe  positions  are  shown  in  Figure  7.  The  total  and  static 
head  measured  at  each  of  the  32  points  are  curve  fit  using  a Fourier 
Series  and  the  total  head  Integrated  using  the  following  equation: 


where  h -and  v again  represent  the  local  head  and  velocity  corresponding 

v V 

to  each  differential  area. 


These  total  head  values  are  then  converted  to  ratios  and  corrected 
for  the  elevation  losses  to  obtain  Infinite  Froude  number  recoveries. 

This  is  necessary  since  the  elevation  losses  are  not  Froude  scaled  in  the 
model  and  prototype.  The  general  equation  used  to  correct  for  the  eleva- 
tion is: 


where  61  is  the  differential  elevation  between  the  centroids  of  planes  a 
and  b.  Performing  this  calculation  using  all  three  planes  of  measurement 
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- Ramp  Recovery 

- Diffuser  Recovery 

- Total  Recovery 


total  head  at  the  inlet  (h^) 
total  head  at  ramp  tangency  (h 

total  head  at  the  outlet  ^ 
total  head  at  the  inlet  (h^) 

TkJ  q* 


ti 

q* 

LL 

q* 


The  integrated  velocity  ) which  is  calculated  at  the  inlet  survey 
plane,  u projected  onto  the  normal  inlet  plane  at  the  lip  leading  edge 
to  obtain  the  inlet  velocity  ratio  (IVR)  using  the  following  equation: 


where  Hx  is  the  height  of  the  survey  plane  and  is  the  normal  inlet 
height. 


Cavitation  Inception  - Cavitation  inception  is  determined  by  both 
direct  and  video  tape  observations.  The  exterior  and  interior  of  the 
model  are  observed  for  cavitation  as  the  ambient  channel  static  pressure 


and  IVR  is  Increased  and/or  decreased.  The  principal  areas  where  cavita- 
tion is  most  likely  to  occur  are  the  ramp,  inlet  lip,  sldeplates,  and 
diffuser  throat  as  indicated  in  Figure  8.  The  basic  procedure  is  to  set 
a given  channel  pressure  and  then  to  raise  or  lower  the  IVR  until  the 
inception  point  is  found,  during  which  time  the  inlet  is  being  monitored 
and  recorded  on  a video  system.  Once  the  inception  point  is  determined 
the  following  parameters  were  recorded:  run  number,  pump  rpm,  nozzle  Ap 
(for  flow  rate),  and  channel  velocity  and  pressure  which  are  integrated 
and  reduced  to  obtain  IVR  and  the  incipient  cavitation  number  ct^.  The 
incipient  cavitation  number  is  calculated  as  follows: 

ai  * (p, + pd  - V 2g/V  (19) 

where  P is  the  ambient  channel  pressure,  P^  is  the  hydrostatic  pressure 
due  to  draft,  and  Py  is  the  vapor  pressure  of  water. 


A subject  which  is  related  to  inlet  cavitation  is  inlet  ventilation 


with  flush  or  semiflush  inlets.  Inlet  ventilation  occurs  due  to  the  flow 
field  around  the  craft  which  tends  to  entrain  air  from  the  cushion  and 
carry  it  under  the  inlet.  Because  it  is  related  to  the  craft  flow  field, 
this  type  of  inlet  ventilation  cannot  be  simulated  in  existing  water 
channel  facilities  which  have  been  used  for  inlet  tests.  To  date,  inlet 
ventilation  has  been  Investigated  and  empirical  fixes  developed  using 
towing  tank  tests  with  models  equipped  with  operating  inlets.  In  these 
tests  only  measurements  of  total  flow  are  made  and  no  attempt  is  made  to 
measure  details  of  inlet  performance.  Lack  of  cavitation  number  scaling 
may  effect  the  validity  of  these  tests  but  insufficient  full  scale  data 
are  available  to  indicate  the  seriousness  of  the  scaling  problems. 

Typical  results  from  the  velocity  surveys  at  the  Inlet  plane  and 
the  circular  diffuser  outlet  plane  are  shown  in  Figure  9*  The  consider- 
able flow  distortion  at  the  outlet  plane  is  evident.  Typical  results 
for  the  energy  recovery  as  a function  of  IVR  are  shown  in  Figure  10.  The 
ramp  recovery  is  the  ratio  of  the  energy  at  the  ramp  tangency  point  sur- 
vey to  the  energy  at  the  inlet  survey  and  the  diffuser  recovery  is  the 
ratio  of  the  energy  at  the  inlet  survey  to  the  energy  at  the  circular 
outlet  survey.  Typical  results  from  the  cavitation  inception  observa- 
tions are  shown  in  Figure  11  as  a function  of  inlet  velocity  ratio. 

Diffuser  Performance 

As  indicated  in  the  typical  results  presented  above,  diffuser  per- 
formance can  be  obtained  in  the  same  water  channel  tests  used  to  deter- 
mine Inlet  performance.  There  are  some  practical  problems  associated 
with  this  approach  particularly  for  systems  with  complex  ducting  systems 
such  as  an  SES  with  multiple  pumps.  Limited  space  may  be  available  in 
or  around  the  water  channel  and,  because  of  the  loads  Involved,  models 
become  complex  and  expensive.  This  is  a serious  problem  for  diffuser 
design  since  the  process  depends  heavily  on  model  test  data  and  flow 
visualization.  For  this  reason  there  has  been  a tendency  to  do  diffuser 
tests  in  simple  wind  tunnel  facilities.  Such  facilities  are  in  place  at 
HYDRONAUTICS , Incorporated  and  Rohr  Marine.  To  a limited  extent  larger 
wind  tunnel  facilities,  such  as  the  one  at  the  University  of  Maryland 
have  been  used. 


The  diffuser  test  wind  tunnel  facility  at  HYDRONAUTICS,  Incorporated 
is  shown  in  Figure  12.  For  tests  of  an  SES  flush  Inlet  a partial  model 
of  the  sidehull  with  the  inlet  Installed  is  mounted  on  one  wall  of  the 
tunnel.  The  diffuser  down  stream  of  the  inlet  is  modeled  up  to  the  pump 
inlet  flanges.  This  is  followed  by  long  section  of  straight  ducting 
which  recombine  into  the  inlet  of  a single  blower.  The  inflow  to  the 
blower  is  controlled  to  obtain  the  desired  IVR.  Venturies  at  the  down- 
stream end  of  the  straight  ducting  allow  a simple  measurement  of  total 
flow  to  be  made.  On  a typical  model,  velocity  surveys  are  made  at  the 
ramp  tangency  point,  the  inlet  plane,  the  start  of  duct  bifurcation,  the 
end  of  duct  bifurcation  and  the  outlet  plane.  In  addition,  static  pres- 
sure measurements  are  made  along  the  ramp  roof  and  inside  and  outside  of 
the  inlet.  The  wind  tunnel  tests  are  run  at  speeds  of  about  180  ft/sec 
and  the  model  size  is  such  that  the  Reynolds  number  is  about  1/4  of  that 
obtained  in  typical  water  channel  tests. 

The  diffuser  performance  measures  obtained  from  the  wind  tunnel  tests 
include  total  energy  recovery,  static  pressure  recovery,  flow  velocity 
distribution,  surface  static  pressures  and  qualitative  flow  visualization. 
The  data  analysis  procedures  described  above  in  the  section  on  inlet 
performance  are  also  used  for  dissufer  performance  analysis.  A major 
problem  in  a diffuser  wind  tunnel  test  is  setting  up  the  proper  boundary 
layer  characteristic  at  the  ramp  tangency  point  since  this  influences  the 
diffuser  performance.  Various  combinations  of  wake  screens  are  developed 
on  a trial  and  error  basis  until  acceptable  boundary  layer  character- 
istics are  obtained. 

Typical  test  results  from  wind  tunnel  diffuser  tests  are  presented 
in  Figures  13,  14  and  15  to  illustrate  the  various  ways  in  which  diffuser 
performance  is  quantified. 


FULL  SCALE  PERFORMANCE  MEASUREMENT 

Full  scale  waterjet  propulsion  Bystem  performance  measurements  are 
more  difficult  to  make  than  comparable  measurements  on  more  conventional 
propeller  driven  craft.  Direct  measurements  of  speed  and  power  (pump 
shaft  torque  and  RPM)  are  no  more  difficult  than  for  conventional  craft 
and  such  measurements  have  been  made  on  most  types  of  waterjet  propelled 
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craft.  Although  such  measuraents  are  of  great  value  In  determining  over- 
all craft  .performance,  they  do  not  provide  direct  information  on  the 
propulsion  system  performance.  Variations  from  predicted  speed-power 
could  be  due  to  errors  in  the  estimated  craft  drag,  the  propulsion  sys- 
tem performance  or  both.  The  problem  results  from  the  fact  that,  in 
general,  it  is  not  feasible  to  make  a direct  measurement  of  thrust  in  a 
fashion  similar  to  a shaft  thrust  meter  used  on  a propeller  driven  craft. 

The  most  extensive  full  scale  waterjet  propulsion  system  performance 
trials  have  been  carried  out  on  the  XR-1  and  100A  SES  test  craft.  Ihe 
NAVSEC  Norfolk  Division  has  carried  out  some  trials  on  planing  hulls  and, 
in  one  case  Reference  9,  a direct  measurement  of  thrust  was  made  by  mount- 
ing the  entire  pump  and  inlet  system  on  load  cells.  For  the  SES  test 
craft  the  approach  has  been  to  determine  thrust  by  measures  of  system 
flow,  head  rise,  etc.  and  to  measure  the  performance  of  individual  system 
elements  in  a manner  analogous  to  the  model  tests  described  above.  For 
the  SES  100A,  basic  parameters  which  are  measured  or  will  be  measured 
include  speed,  RPM,  flow  rate,  pump  head  rise,  thrust,  overall  energy  . 
recovery,  diffuser  outlet  flow  distribution,  ramp  static  pressure  distri- 
bution, cavitation  inception,  boundary  layer  characterization  and  lip 
differential  pressure  coefficient.  In  order  to  determine  some  of  these 
parameters  a large  number  of  individual  measurements  must  be  made  and  the 
resulting  data  acquisition  system  and  data  precessing  system  is  quite 
complex.  A description  is  provided  in  Reference  10. 

One  of  the  most  important  parameters,  both  for  propulsion  system 
performance  and  craft  performance  evaluation,  is  thrust.  As  noted  above, 
a direct  measurement  of  thrust  cannot  usually  be  made.  Thus,  the  basic 
approach  adopted  is  to  determine  thrust  by  measurement  or  determination 
of  the  parameters  which  appear  in  Equation  (2).  Basically,  this  means 
determining  system  flow  rate,  the  Jet  velocity  and  the  momentum  velocity 
of  the  ingested  flow.  On  the  SES  100A  two  different  procedures  have  been 
used.  The  first  assumed  that  the  nozzle  characteristics  (area,  contrac- 
tion coefficient  and  efficiency),  pump  performance  (head  and  flow  vs  RPM) 
and  the  diffuser  efficiency  were  known  from  analysis,  model  tests  or  pump 
acceptance  tests.  Direct  measurements  of  craft  speed,  RPM  and  the  momen- 
tum and  energy  velocities  of  the  ingested  flow  were  made.  The  thrust 


calculation  then  proceeded  in  accordance  with  the  flow  diagram  shown  in 
Figure  16.  The  problem  with  this  procedure  is  that  the  pump  performance, 
diffuser  efficiency  and  nozzle  characteristics  of  the  system  when  in- 
stalled on  the  craft  are  not  known  with  sufficient  accuracy.  For  this 
reason,  a more  direct  method  was  adopted.  In  this  approach  the  flow  rate 
through  the  nozzle  and  the  Jet  velocity  are  correlated  with  a direct  mea- 
surement of  the  static  pressure  in  the  nozzle  according  to: 

9 = K • P*  (20) 

Vj  * <2l> 

The  constants  K and  CA  were  obtained  from  tests  of  a 1/2  scale  nozzle 
and  further  refined  from  bollard  thrust  tests  in  which  thrust  was  mea- 
sured directly  by  load  cells  in  the  mooring  lines. 

One  major  activity  associated  with  full  scale  measurement  is  corre- 
lation with  predictions.  Several  correlation  studies  for  waterjet 
propulsion  system  performance  have  been  conducted  or  are  now  underway. 
NAVSEC  Norfolk  Division  has  compared  the  performance  of  waterjets  in- 
stalled on  planing  hulls  with  performance  predictions  supplied  by  the 
system  manufacturer's  (Reference  9)«  In  general,  the  manufacturer's 
prediction  of  available  thrust  was  higher  than  actually  measured.  The 
most  extensive  correlation  studies  are  being  conducted  with  the  XR-1 
and  100A  SES  test  craft.  Reference  11  reports  excellent  correlation  for 
inlet  and  diffuser  performance  between  tests  on  the  XR-1B  and  about  a 
1/3  scale  model  tested  in  a water  channel.  It  is  still  too  soon  to  draw 
any  conclusions  about  correlation  between  model  test  results  and  full 
scale  performance  for  the  Inlet  system  fitted  on  the  SES  100A.  There  is 
still  clearly  a need  for  additional  model-full  scale  correlation  data 
for  all  aspects  of  waterjet  propulsion  system  performance. 

SUMMARY  AND  CONCLUSIONS 

This  state  of  the  art  report  has  concentrated  on  the  role  of  model 
and  full  scale  experiments  in  waterjet  propulsion  system  analysis.  The 
basic  theories  for  waterjet  propulsion  system  per  formance  are  well 
known  and  provide  the  framework  which  allows  Bystem  performance  to  be 
determined  from  the  performance  of  system  elements.  Almost  all  model 
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testing  Is  directed  at  the  evaluation  of  the  performance  of  particular 
system  elements  rather  than  at  overall  system  tests.  The  typical  ele- 
ments which  are  considered  Include  appendages.  Inlet,  diffuser  and  duct- 
ing, pump  and  nozzle.  From  the  standpoint  of  the  system  designer,  the 
most  important  information  which  comes  from  model  testing  Includes 
appendage  and  Inlet  drag,  inlet  cavitation  and  ventilation  and  diffuser 
performance.  This  assumes  that  the  pump  performance  Is  adequately  deter- 
mined by  the  pump  manufacturer. 

In  usual  practice  Inlet  and  appendage  drag  may  be  determined  In 
towing  tank  or  water  channel  tests.  Inlet  performance  Is  determined  In 
flow  channel  tests  at  scaled  cavitation  numbers.  Diffuser  performance 
is  determined  either  in  water  channel  tests  or  wind  tunnel  tests.  To 
date,  experimental  facility  capabilities  have  not  limited  the  development 
of  waterjet  propulsion  systems.  Major  scaling  problems  have  not  as  yet 
been  encountered  although  there  is  some  concern  about  scaling  inlet 
ventilation  on  SES's. 

Full  scale  propulsion  system  performance  evaluations  are  more  com- 
plex than  for  conventional  propeller  systems  because  of  the  large  number 
of  parameters  which  must  be  measured  and  the  fact  that  system  thrust 
cannot  be  determined  directly.  Some  detailed  full  scale  measurements 
programs  have  been  or  are  being  carried  out,  particularly  for  SES  test 
craft.  The  limited  model  to  full  scale  correlations  conducted  to  date 
for  SES  test  craft  have  been  encouraging. 
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TYPICAL  WATERJET  SYSTEM  SHOWING 
ALTERNATE  VARIABLE-AREA  FLUSH 
INLET  SCHEMES 


SLIDING! 
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FIGURE  2 - WATER-JET  SYSTEM  PROPULSIVE  EFFICIENCY 
BASED  ON  GROSS  THRUST-EQUATION  ( 8) 


a ) Yaw  Rig 


1 . Fairing 

2.  Inlet 

3.  Outlet  Flange 

4.  After  Mount 

5.  Thrustless  Coupling 

6.  Yaw  Pivot  Point 

7.  Forward  Mount 

8.  Drive  Shaft 

9.  Pitch  Pivot  Point 


b ) Enlargement  of  Aft  Mount  ( 4 ) 


c ) Enlargement  of  Forward  Mount  ( 7 ) 


FIGURE  3 - WATERJET  INLET  TEST  SETUP  FOR  HYDRONAUTICS 
HIGH  SPEED  CHANNEL 
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TEST  SECTION  OF  DT.NS.RD.C. 
36  INCH  VARIABLE 


FIGURE  6 - SKETCH  OF  MODEL  TEST  SYSTEM  IN  DTNSRDC  36  INCH 
VARIABLE  PRESSURE  WATER  TUNNEL 


LOCATION  OF  MAJOR  SURVEY  PLANES  AND  STATIC  TAPS 


\ 


OUTSIDE  LIP  CAVITATION 
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FREE  STREAM  CAVITATION  NUMBER 
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FIGURE  11  - TYPICAL  FREE  STREAM  INCIPIENT  CAVITATION  NUMBER  AS  A 
FUNCTION  OF  INLET  VELOCITY  RATIO 
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DIFFUSER  EFFECTIVENESS 


FIGURE  15  - TYPICAL  TOTAL  HEAD  LOSS  DISTRIBUTION  FOR  THE  RUSH  INLET 
RJI L DOWN  RAMP;  NOMINAL  IVR  = 0.75,  ACTUAL  IVR  = 0.74 


Nozzle  Characteristics 


A SURVEY  07  PROPULSION-VEHICLE  INTERACTIONS  ON 
HIGH-PERFORMANCE  MARINE  CRAFT 


by 

Michael  B.  Wilson 

David  W.  Taylor  Naval  Ship  Research  and  Development  Canter 


ABSTRACT 


This  is  a review  of  the  literature  and  the  state  of  currant  knowledge  concern- 
ing propulsive  interaction  problems  involved  in  the  design  of  high-perforwance 
marine  craft.  A wide  range  of  propulsor-vehide  combinations  are  discussed  in  a 
general  fashion.  Selected  examples  of  experimental  and  analytical  results  are 
presented  or  mentioned  when  they  are  available,  and  gaps  in  our  information  base 
are  noted. 

INTRODUCTION 

Interaction  problems  can  be  encountered  at  an  early  stage  in  the  hydrodynamic 
design  of  a marine  vehicle,  and  broadly  speaking  involve  all  the  mutual  Influences 
exerted  by  the  propulsor  and  vehicle  geometries.  For  the  most  part,  the  concept  of 
interaction  is  narrowed  here  to  refer  to  those  properties  that  influence  the  calm 
water  powering  estimate  of  a specified  vehlde-propulsor  combination.  Physically, 
this  involves  the  mutual  Interference  of  velocity  fields  and  pressure  distributions, 
and  a determination  of  the  ultimate  consequences  of  these  Interferences  on  a 
vehicle's  self-propelled  performance.  There  can  be  interaction  problems  arising  from 
straight-on  flow  over  adjacent  arrangements  of  a propulsor  and  body;  or  from 
propulsor  operation  at  large  vehicle  trim  or  yaw  angles;  or  due  to  transverse  forces 
inherent  to  the  propulsor  mode  of  action.  Especially  for  high-performance  vehicles, 
cavitation  and  ventilation  will  Influence  Interference  flows. 
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Fro.  an  engineering  point  of  vie.,  the  complexity  of  the  combined  flow  nuet  be 
dietilled  down  to  »M.urable.  net  effecte  thet  cen  be  applied  to  predict  thruet  end 

power  ebeorbed  by  a propulaion  device  lnetalled  in  e vehicle.  Propulaive  factore 
serve  this  purpoae. 

A definition  of  a high-performance  marine  vehicle  haa  been  given  by  Dobay  end 
Gregory  (1974)  as  "any  craft  that  exceeds  the  present  norm  of  performance  as  regards 
speed,  seakeeping,  etc."  Generally,  high  performance  refers  to  high  speed,  although 
this  is  a relative  term.  There  seems  to  be  a natural  division  of  these  vehicles 
into  two  groups:  (a)  displacement  craft  whose  speed-length  ratio  exceeds  1.5,  and 
(b)  vehicles  with  lift  supplied  partly  or  wholly  from  hydrodynamic,  aerodynamic, 
or  aerostatic  forces  in  any  portion  of  the  speed  range.  This  is  a broad  enough 
definition  to  encompass  • ho.t  of  hybrid  vehicle  concept.,  but  of  course  there  exists 
presently  a group  of  'usual*  high  performance  vehicles  that  Includes: 

• Planing  Craft 

• High-Speed  Displacement 

• Small  Waterplane  Twin  Hull  (SWATH) 

• Hydrofoil 

• Air  Cushion  Craft  (includes  ACV,  SES,  and  WIGE) 

Five  main  propuleor  types  are  associated  with  these  vehicles: 

1.  Subcavltatlng  Submerged  Propellers 

2.  Super cavitatlng,  Submerged  Propellers 

3.  Partially-Submerged  Supercavltating  Propellers 

4.  Waterjet  Propulsors 

5 . Airpropulsors 

Classical  Propulsive  Interaction 

The  *or«at  for  powering  prediction  of  propeller-driven  craft  is  the 

starting  point  for  a discussion  of  propulsive  interaction.  It  will  prove  Inadequate 
for  some  propuleor  types,  yet  it  provides  a simple  structure  for  assembling  the 
efficiencies  of  the  components  of  a self-propelled  vehicle.  The  power  required  to 
be  delivered  to  the  propeller  shaft  can  be  estimated  from 

PD  ‘ WPC 

PD  " ^oVrV"1  V 
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where 


Pg  ■ effective  power  (for  here,  unappended  vehicle)  - R^ 

no  " characterizing  or  'open  flow'  propulsor  efficiency; thie  should 

be  determined  at  the  prototype  scale  cavitation  number 

Hjj  ■ hull  efficiency  ■ (1  - t)/(l  - w) 

nR  ■ relative  rotative  efficiency 

nA  - «PP«ndage  afficlency  - Pg.  b,r./Pgf  «ppended 

R^  " bare  hull  drag 

U “ forward  speed  of  vehicle 
o 

PC  - nonHnRnA  ■ propulsive  coefficient 
t " thrust  deduction  fraction 
w - wake  fraction 

The  essential  Ideaa  involved  with  Interaction  are  contained  in  this  representstlon, 
and  are  conveyed  quantitatively  In  the  factors  t,  w,  nA,  and  nR. 

The  pressure  field  associated  with  the  operation  of  the  propulsor  can  Increment 
the  bare  hull  drag  by  the  amount  AD-  T - R^.  The  thrust  deduction  fraction  is 
t " AD/T,  where  T - thrust  of  propulsor  working  on  the  vehicle. 

The  velocity  field,  wake,  or  boundary  layer  developing  over  the  vehicle  will  present 
a modified  flow  to  the  propulsor,  different  or  possibly  Reynolds  number-scaled  from 
that  used  to  characterize  the  propulsor  by  Itself.  There  Is,  then,  a net  Inflow 
velocity  V.  - (1  - w)U  , where  w is  the  effective  Taylor  wake  fraction. 

A O 

There  may  be  drag  penalties  due  to  appendages  or  modifications  In  the  vehicle 
shape  near  the  propulsor  unit,  and  these  can  be  lumped  Into  an  efficiency  factor 

nA  “ *T,  .bare/RT,  appended  * 

For  propulaors  involving  rotating  propellers  or  Inducers,  the  spatially 
distorted  Inflow  created  by  the  mutual  action  of  vehicle  and  propulsor  will  give 
rise  to  a factor  termed  the  relative  rotative  efficiency  nD  - torque  (open) /torque 

K 

(combination);  determined  at  the  same  thrust  and  rotational  speed. 

Scaling 

Model  testing  Is  the  main  tool  for  determining  the  interaction  properties. 

Ideally  the  three  principal  scaling  coefficients  Froude  number,  Reynolds  number, 

and  cavitation  number  should  be  modelled  from  the  prototype  scale,  as  well  as 

geometric  similarity  and  nondlmenslonal  thrust  coefficient.  As  usual,  satisfying 
all  three  of  the  fluid  dynamic  parameters  simultaneously  Is  Impossible  using  a 
scale  model.  With  a variable  pressure  water  channel  or  a vacuum  towing  basin, 
simultaneous  satisfaction  of  Froude  and  cavitation  numbers  can  be  accomplished.  In 
such  cases,  however,  care  must  be  exercised  with  regard  to  too-small  Reynolds  numbers 
on  the  Important  components  of  scaled-down  propulaors.  Also,  If  ventilation  Is 
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Important  to  tha  flow,  reduced  pressure  over  the  water  will  not  allow  the  ratio  of 
air  preseure-to-statlc  water  pressure  to  be  satisfied. 

The  choice  of  the  scaling  parameter(s)  that  should  be  satisfied  In  experiments  to 
determine  Interaction  factors  for  a high-performance  craft  Is  somewhat  of  an  art, 
and  depends  on  the  vehicle  type,  the  actual  speed  range,  and  the  test  facilities 
available.  For  example,  for  planing  boats  or  displacement  hulls  fitted  with  subcavltat- 
lng  propellers  and  operating  at  moderate  speeds  (VK  <_  30  knots) , cavitation-scaled  open 
propeller  characteristics  and  Froude-scaled  self-propulsion  tests  on  a towing  basin 
should  be  performed  for  obtaining  the  interaction  characteristics.  For  a SES  propelled 
at  80  knots  by  waterjet  or  cavitating  propeller,  cavitation  number  scaling  must  be 
accomplished  both  for  the  open  water  tests  (when  applicable)  and  for  the  propulsion 
experiments.  If  at  all  possible,  propulsion  tests  should  also  be  performed  at  a scaled 
Froude  number,  and  in  some  cases  simultaneous  cavitation  and  Froude  scaling  In  a 
variable  pressure  water  channel  can  be  done  with  a proper  choice  of  scale  ratio. 

In  the  discussions  that  follow  the  main  emphasis  is  on  experimental  results  from 
towing  tank,  water  tunnel,  water  channel,  or  wind  tunnel  tests.  The  scaling  procedures 
used  will  be  noted.  Contributions  from  analysis  in  the  area  of  propulsive  Interactions 
for  high  performance  vehicles  are  not  plentiful.  But  an  attempt  has  been  made  to  find 
and  comment  on  those  that  do  exist. 

1.  SUBCAVITATING , SUBMERGED  PROPELLERS 

In  the  present  context  of  high-performance  marine  vehicles,  the  term  sub- 
cavltating  propeller  encompasses  both  non-cavltating  and  trans-cavitating  free  screw 
propulsors,  but  with  no  precise  definition  for  the  latter  category.  It  may  suffice 
to  state  that  trans-cavitating  propellers  are  essentially  subcavitating  designs 
capable  of  operating  with  substantial  partial  cavitation  present  without  excessive 
performance  losses.  Partial  cavitation  covers  a wide  and  nebulous  range  of  conditions 
where  blade  cavity  lengths  are  mostly  less  than  one  chord,  and  where  only  part  of  the 
blade  sides,  root  to  tip,  are  covered  by  the  cavities. 

High  performance  vehicles  that  are  paired  with  sub-  and  partlally-cavitating 
screw  propellers  include:  planing  hulls,  high  speed  displacement  ships,  SWATH  ships,  and 
hydrofoil  craft.  At  the  speeds  typical  for  these  vehicles  (V^  _<  50  knots)  an  account 
of  cavitation  number  must  be  given  to  the  open  water  propeller  characteristics. 

However,  with  the  exception  of  a few  hydrofoll-strut-pod-propeller  experiments,  the 
propulsive  interaction  factors  for  these  propeller-vehicles  combinations  are  determined 
In  towing  basin  tests  at  Froude-scaled  speeds. 

The  essential  physical  feature  of  propeller  flow  relating  to  interaction  Is  the 
pressure  field  Induced  in  the  region  ahead  of  the  propeller  disk  or  along  a plane 
outside  the  propeller  diameter  and  roughly  parallel  to  the  thrust  axis.  An 


approximation  to  the  net  force  acting  on  the  boundary  due  to  the  operating  propeller 
can  be  obtained  by  Integrating  the  pressure  changes  over  the  exposed  area  and  resolving 
the  result  Into  a longitudinal  component  (added  drag)  and  a vertical  component 
(producing  added  sinkage  and  trim) . 

A useful  tool  for  understanding  the  average,  Induced  velocity  field  due  to  thrust 
loading  for  a free,  subcavltating  propeller  in  a uniform  stream  has  been  developed, 
for  example,  by  Hough  and  Ordvay  (1965).  It  has  the  advantage  that  complete  flow 
velocity  pictures  (and  therefore  pressure  distributions)  can  be  obtained  rather  simply. 
However,  no  account  of  the  hub  or  blade  thickness  Is  made.  Also,  the  solution  does 
not  consider  the  presence  of  a nearby  solid  wall.  Further  calculations  by  Hough 
and  Ordway  (1967)  show  the  mean  flow  streamlines  and  perturbation  flow  streamlines  for 
a representative  blade  loading  function.  Particularly  the  latter  Indicates  that 
outside  the  propeller  radius,  a sink  disk  characteristic  of  the  propeller  Is  very 
accurate.  Figure  1 indicates  the  magnitude  and  sign  of  the  approximate  pressure 
distribution  induced  along  an  Imaginary  boundary  by  a free  propeller,  using  the 
linearized  nondimens ional  pressure 


where  u - mean  axial  induced  velocity.  This  shows  the  characteristic  suction  peak 


ahead  of  the  propeller. 
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Mean  Induced  Pressure  Distribution  Along  a Plane  Boundary 
Outside  a Propeller  Slipstream. 


Figure  1 


More  accurate  field  point  velocities  for  a propeller  operating  either  In  a uniform 
flow  or  in  the  non-uniform  stream  behind  a ship  form  can  be  obtained  with  lifting  line 
theories  or  with  lifting  surface  calculations.  An  example  of  the  latter  is  the  work 
of  Kerwln  and  Leopold  (1964),  which  also  provides  the  possibility  of  including  blade 
thickness  effects. 


Near  Hulls 


There  ere  three  general  hull  types  of  interest:  planing  hulls,  high  speed 
displacement  ships,  end  SWATH  ships. 

Planing  Hulls.  Propulsive  interaction  factors  for  planing  hull-propeller  combinations 
are  obtained  experimentally  in  self-propulsion  testa  conducted  in  a towing  basin. 

Typically  the  propulsive  factors  determined  are  the  thrust  deduction  t,  wake 
fraction  based  on  thrust  w^,  wake  fraction  based  on  torque  w^,  the  relative  rotative 
efficiency  nR,  and  when  applicable,  the  appendage  efficiency  The  propulsive 

interactions  so  represented  are  strictly  Froude  number-scaled.  When  applying  these 
factors  to  the  prototype  scale,  it  is  not  customary  to  correct  the  wake  fractions 
for  Reynolds  number.  The  usual  practice  is  to  use  the  wake  fraction  based  on  thrust 
directly  from  model  tests. 

Examples  of  synthesis  reference  works  on  planing  hull  powering  problems 
are  given  by  Hadler  (1966),  Blount  and  Fox  (1976),  and  Hadler  and  Hubble 
(1971).  A fair  amount  of  propulsive  interaction  data  is  assembled  in  these. 

For  Instance,  in  the  latter  paper,  a series  of  plots  are  presented  of  the 
vsrloue  components  of  propulsive  interactions  (thrust  deduction,  wake 
fraction,  and  appendage  efficiency)  as  well  as  summary  plots  for  propulsive 
efficiencies  pertaining  to  single-,  double-,  and  quadruple-screw 
conf lgurat ions . 

Some  example  propulsive  data  for  specific  arrangements  of  hulls  and 
propellers  may  be  found  in  Gregory  (1970),  Blount,  et  al  (1968),  and  Blount 
(1965).  The  first  two  of  these  references  deal  with  the  same  craft,  both 
model  results  and  full  scale  data,  and  thus  afford  some  idea  of  typical 
model-to-prototype  correlation.  Figures  2a, b reproduced  from  Blount,  et  al 
(1968)  pertain  to  a twin-screw,  inclined-shaft  propulsion  system  driving  the 
LCVP(T)  landing  craft  hull.  The  scale  ratio  in  this  case  was  3.43.  Such 
powering  data  correlations  are  rare  for  planing  craft.  It  is  interesting  to 
note  that  the  model  predicted  RPM  was  somewhat  underpredicted  at  the  higher 
speeds.  This  is  a symptom  common  to  model  powering  results  for  large  ships 
with  much  larger  scale  ratios,  although  in  this  case  the  discrepency  is 
probably  due  to  cavitation  on  the  blades  on  the  full  scale.  The  disturbing 
discrepency  is  with  trim. 

Planing  craft  of  all  types  and  Blzes  often  use  Inclined  shaft 
propulsion  arrangements.  This  can  have  an  Influence  on  the  net  thrust  in  the 
horizontal  direction,  especially  in  combination  with  craft  trim,  and  of 
course  there  is  a transverse  force  generated  by  inclined  propeller  operation. 
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Figure  2*-  Profile  and  Body  Plan  of  LCVP(T) 
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CM£t  (FrOB  B1°Unt'  41  F18“«  2b-  Comparison  of  Model  and 
u*oo;;  Full-Scale  Propulsion 

Data  for  the  LCVP(T)  (From 
Blount,  et  al  (1968)) 

Hadler  (1966)  has  provided  an  analysis  of  hull-propulsor  Interactions  in  his  synthesis 
of  angled  propeller  effects.  Including  net  suction  forces  and  trimming  moment  on  the 
boat  due  to  propeller  operation.  Some  experimentally  determined  force  and  moment  data. 
Including  side  force  results  are  available  for  inclined  propellers  at  various 
cavitation  numbers  In  the  report  by  Peck  and  Moore  (1974). 

Interaction  effects  arising  from  the  propeller-induced  pressure  field  on  a nearby 
boundary  are  subject  to  important  changes  tften  the  flow  cavitation  number  Is  reduced, 
with  corresponding  Increasing  amounts  of  blade  cavitation.  The  effect  Is  somewhat 
similar  to  Increasing  blade  thickness.  Figure  3 , reproduced  from  van  Manen  (1972) 
Illustrates  the  mean  pressure  variation  measured  along  the  wall  of  a water  tunnel  near 
an  operating  propeller  as  a function  of  cavitation  number  and  thrust  coefficient.  The 
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Distance  Abend  | Distance  Behind 

Figure  3 - Influence  of  Cavitation  and  Thrust  Loading  on  Propeller- 
Induced  Pressure  Distributions  Along  Tunnel  Wall  (From 
van  Manen  (1972)) 
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pressures  Py  and  Py  refer  to  the  wall  static  pressures  with  and  without  the 
propeller,  respectively.  The  effective  pressure  at  Infinity  is  evidently  by 

the  operation  of  the  propeller  In  the  tunnel,  and  the  Influence  seeas  to  grow  with 
larger  CT  which  causes  a greater  slipstream  contraction.  For  the  lower  values  of 
the  effect  of  reduced  cavitation  Is  clearer  than  for  the  larger  C^,.  There  Is  a 
reduction  of  the  pressure  peak  near  the  propeller  as  oy  la  reduced,  indicating  the 
influence  of  partial  cavitation.  It  Is  not  diffucult  to  see  that  this  can  have 
Important  consequences  on  the  thrust  deduction  of  a planing  hull  at  full  scale 
cavitation  numbers,  since  t Is  dependent  on  the  horizontal  component  of  the  Integrated 
pressure  force  over  the  hull  surface. 

A special  class  of  planing  hull  propulsion  Interaction  problems  is  encountered 
when  propellers  are  operated  within  tunnels  near  the  transom.  In  addition  to  the 
parasitic  drag  Increase  due  to  the  tunnels  themselves,  there  are  interesting  variations 
In  the  wake  fractions  for  various  tunnel  depths  and  also  due  to  propeller  tip 
clearances.  Propulsion  characteristics  for  a series  of  partial-diameter  tunnels  have 
been  studied  by  Harbaugh  and  Blount  (1973) , and  for  a 100  percent  tunnel  by  Ellis  and 
Alder  (1977). 

High  Speed  Displacement  Hulls.  Ship  forms  Intended  for  operation  at  speeds  at  least  as 
high  as  V //l  - 1.5  typically  have  transom  sterns,  very  fine  hull  lines,  and  also 
display  long,  sloping,  nearly  flat  boundaries  aft  near  the  propellers.  Several  series 
of  such  hull  forms  have  been  tested  in  towing  basins  to  .etermine  their  resistance 
characteristics.  An  example  is  the  Series  64,  presented  by  Yeh  (1965).  A list  of 
other  published  work  on  high  speed  hull  forms  Is  given  by  Dobay  and  Gregory  (1974). 
Unfortunately,  Information  on  propulsive  interaction  factors  for  such  ship  forms  is 
scarce.  Since  the  typical  naval  application  of  these  hulls  would  be  for  a destroyer, 
the  propulsive  data  that  do  exist  are  usually  not  available  for  publication. 

Example  propulsive  data  for  older  destroyer  hull  shapes  can  be  found  In  reports 
by  Pitre  (1934)  and  In  E.M.B.  Report  No.  339  (1932).  The  latter  work  is  concerned 
mainly  with  resistance  characteristics  of  transom  stern  shapes  with  varying  amounts  of 
fullness  in  the  aft  buttock  lines;  but  It  also  contains  a comparison  of  propulsive 
factors  obtained  form  self-propelled  twin  screw  model  tests  of  a hull  with  full  buttock 
lines  and  one  with  hollow  buttocks.  The  test  results  in  this  simple  comparison  showed 
that  the  hollow  buttock  hull  had  a slightly  higher  thrust  deduction  and  wake  fraction 
compared  with  the  fuller  buttock  form  up  to  a Froude  number  of  0.5  and  that  the 
propulsive  coefficient  of  the  hollow  buttock  form  was  slightly  larger  In  the  low  speed 
range  as  well. 

Because  of  generous  propeller-hull  clearances  and  open,  gentle  sloping  buttock 
lines,  the  Interaction  factors  typical  of  high  speed  displacement  ships  are  never 
dramatically  large.  However,  the  wakes  tend  to  be  very  non-symmetirc  and  despite  good 
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clearances,  this  can  mean  troublesome  propeller-induced  vibration  characteristics. 

Also,  since  the  usual  self-propulsion  tests  are  Froude-scaled , the  Influences  of 
cavitation  number  on  the  propulsive  characteristics  of  useful  high  speed  hull  forms  are 
largely  unknown. 

Meanwhile  there  exists  published  Information  on  the  effects  of  cavitation  number 
on  propulsive  Interaction  factors  determined  from  model  experiments  vlth  single 
propellers  operating  behind  conventional  ship  hull  forms.  In  separate  experimental 
programs  using  different  facilities,  dissimilar  test  techniques  and  different  model 
sizes.  Bavin  and  Minlovich  (1963)  and  Prlshchemlkhln  (1975)  have  shown  that  there  are 
noticeable  changes  In  the  thrust  deduction  for  increasing  amounts  of  partial  cavitation 
on  the  propeller  blades.  Although  these  results  are  not  directly  useful  for  any 
practical  high  speed  ship  design,  they  are  remarkable  in  that  both  static  pressure 
measurements  on  the  hull  and  the  Inferred  thrust  deduction  confirm  the  concept  that  as 
the  cavitation  number  Is  decreased,  the  blade  cavities  grow  and  are  responsible  for  a 
constriction  of  the  flow  through  the  propeller  disk.  The  effect  is  similar  to 
increasing  blade  thickness.  In  that  the  suction  region  forward  of  the  propeller 
gradually  becomes  a positive  pressure  region  as  the  blade  cavities  grow. 

The  experiments  by  Bavin  and  Minlovich  (1963)  were  conducted  in  a towing  basin 
using  a 19  foot  model  fitted  with  a 0.656  foot  diamter  propeller  having  a 
pltch-to-dlameter  ratio  of  1.4.  Reduced  cavitation  number  was  simulated  by  forced  air 
ventilation.  Results  indicate  a definite  decrease  in  the  thrust  deduction  t for 
decreasing  cavitation  number  and  Increasing  thrust  loading  coefficient  Cj.  A 
systematic  reduction  of  the  propeller-induced  suction  peak  In  front  of  the  propeller 
was  observed  In  the  measured  static  pressure  data.  At  the  same  time,  the  wake  fraction 
remained  unchanged,  within  a band  of  scatter,  but  with  no  discernible  trend  with 
respect  to  reduced  cavitation  number.  These  results  stand  as  the  first  of  their  kind, 
as  far  as  Is  known.  But  they  have  been  of  little  direct  use  because  of  the  meager 
description  of  the  geometry  of  the  hull  shape. 

Experiments  by  Prlshchemlkhln  (1975)  were  performed  In  a cavitation  towing 
using  a 14.8  foot  long,  block  0.69  model  of  the  'Victory'  ship  hull  form  fitted  with  a 
0.59  foot  diameter,  pltch-to-dlameter  ratio  1.4  propeller.  In  this  case,  reducing  the 
facility  ambient  pressure  was  used  to  achieve  low  cavitation  numbers.  Figure  4, 
reproduced  from  Prlshchemlkhln  (1975),  is  a sketch  of  the  after  hull  profile  and 
propeller  arrangement,  and  the  location  of  the  hull  static  pressure  taps.  Figure  5 
shows  the  variation  In  the  change  of  pressure  acting  on  the  hull  at  location  number  2, 
as  a function  of  cavitation  number  and  advance  coefficient.  Of  course  the  figure 
Includes  data  well  Into  the  fully  cavitatlng  regime,  but  the  trend  from  the 
non-cavltatlng  curve  (definite  suction  pressure)  through  the  partlal-cavltatlng  cases 
Illustrates  the  distinctive  reduction  of  the  suction  pressure  level  changing  to 
positive  Induced  pressure  as  the  cavitation  number  Is  reduced.  The  most  dramatic 
shifts  occur  at  low  J values  where  the  blade  angles  of  attack  are  large.  The  effects 
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Figure  5 - Pressure  Difference  Coefflclente 
on  Ship  Near  Cevitetlng  Propeller. 
Locution  No.  2 (From  Prlshchemikhln 
(1975)) 

of  thruet  loading  and  cavitation  number  on  the  net  thrust  deduction  fraction  t are 
shown  In  Figure  6,  where  zero  or  even  slightly  negative  values  of  t were  measured  under 
extreme  conditions  of  thrust  loading. 


Figure  6 - Thrust  Deduction  Fraction  as  a Function  of  Thrust  Loading  and 
Cavitation  Number  for  'Victory*  Ship  Hull  Driven  by  Cavitatlng 
Propeller  (From  Prlshchemikhln  (1975)) 

It  should  be  noted  that  the  geometries  of  the  single  screw  conventional  hull 
forms  used  by  Bavin  and  Minlovlch  (1963)  and  by  Prlshchemikhln  (1975)  are  conducive  to 
showing  effects  of  propeller  cavitation  on  thrust  deduction,  because  of  the  relatively 
close  propeller-hull  spacing  and  the  amount  of  vertical-sloped  hull  boundary  Just 
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upstream  of  the  propeller  disk. 

Theoretical  work  on  predicting  the  pressure  field  Induced  on  ship  hulls  by  a 
partially  cavltating  propeller  has  tended  to  concentrate  on  the  unsteady  effects  and 
the  blade-rate  pressure  distributions.  Recent  advances  have  been  made,  for  example,  In 
applying  lifting  line  theory  to  partially  cavltating  propellers  by  Noordzij  (1976)  and 
Noordzij  and  Off Icier  (1977). 

SWATH  Ships 

The  usual  propulsor-hull  arrangement  on  a SWATH  ship  Involves  a pusher  propeller 
mounted  behind  each  of  the  two  submerged  cylindrical  demi-hulls.  The  speed  range 
typical  of  these  vehicles,  as  presently  conceived.  Is  below  30  knots,  so  that  the 
expected  partial  cavitation  effects  would  be  relatively  Insignificant.  Propulsive 
Interaction  factors  determined  in  Froude-scaled  experiments  In  a towing  basin  are 
likely  to  be  fairly  accurate. 

Example  propulsion  data  for  specific  SWATH  configurations  are  given  by  Lin  and 
Day  (1974)  and  by  Yeh  and  Neal  (1977).  Typical  experimental  values  of  overall 
propulsive  coefficients  (PC)  for  several  SWATH  arrangements  are  between  0.70  and  0.75. 
Despite  the  apparent  similarity  between  the  SWATH  demlhull-plus-propeller  and  a 
submarine-propeller  configuration,  the  high  PC  values  of  submarines  are  not  realized 
with  the  SWATH  because  the  propeller  Is  not  as  thoroughly  Immersed  In  the  hull  wake  as 
In  the  case  of  a submarine.  Hence  the  favorable  hull  efficiency  (1  - t)/(l  - w)  of 
a submarine  has  not  been  achieved  with  the  SWATH  arrangements  considered  thus  far. 

Measured  three  component  wake  data  In  the  propeller  plane  of  one  hull  of  a tested 
pair  of  SWATH  model  hulls  are  presented  by  Klrkman,  et  al  (1976). 

Recent  progress  In  understanding  and  scaling  of  propulsive  Interaction  factors 
for  axisymmetrlc  bodies  has  been  reported  on  by  Huang,  et  al  (1976)  who  also  have 
Included  an  extensive  bibliography  of  the  classical  references  on  propulsive 
Interaction  for  submersibles  and  conventional  surface  ships.  These  references  are 
generally  of  little  use  for  most  high  performance  craft  geometries. 

Near  Poll/Pod/Strut 

Sub-  or  transcavltatlng  propellers  for  use  on  hydrofoil  craft  are  typically 
associated  with  the  moderate  speed  range  below  50  knots  where  subcavltatlng  folia, 
pods,  and  struts  are  employed.  The  propulsive  interaction  factors  for  these 
arrangements  are  usually  somewhat  smaller  than  those  on  large  hull-propeller 
combinations.  The  reason  for  this  Is  that  on  hydrofoils  the  propeller- Induced  drag 
augmentation  occurs  on  an  element  such  as  a pod  or  a local  foil  panal  that  contributes 
relatively  little  to  the  overall  drag. 

Nevertheless,  the  effects  are  measurable  and  some  published  work  Is  available  for 
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guidance. 

Mavlyudov,  at  al  (1973)  have  presented  an  extensive  discussion  of  the  subject  of 

propeller-hydrofoil  system  Interactions,  Including  the  calculation  of  Induced  velocity 
fields;  location  and  strength  of  tip  vortices;  effect  of  propeller  pressure  field  on 
nearby  foils;  Influence  of  free  surface  waves  on  propeller  thrust  and  torque;  and  an 
outline  of  the  potential  propulsive  benefits  of  locating  propellers  In  the  vortex  wakes 
just  aft  of  the  tips  of  a submerged  hydrofoil,  each  with  rotation  opposing  the  sense  of 
the  tip  vortex  angular  velocity  field.  Numerous  references  to  technical  literature  of 
the  USSR  are  cited  In  this  book. 

For  the  arrangement  of  a propeller  located  behind  and  possibly  offset  from  a 
hydrofoil  chord  line,  Beveridge  (1962)  has  provided  analytical  estimates  and 

' 

experimental  data  for  the  mutual  Interaction  effects.  Both  theory  and  experimental 
results  are  given  for  the  thrust  deduction.  Wake  fraction  values  are  estimated  from 
published  NACA  experiments  and  the  resulting  Influence  on  fluctuating  thrust  are 
presented. 

Sample  measured  wake  data  In  the  plane  of  the  propeller  disk  behind  nacelles 
combined  with  lifting  foils  and  struts  can  be  found  in  references  by  Moore  (1964), 

Davis  and  English  (1968),  and  Mavlyudov,  et  al  (1973). 

Propellers  can  also  be  used  In  the  tractor  mode  (mounted  at  the  forward  end  of  a 
pod)  for  hydrofoil  propulsion,  as  for  example,  with  the  forward  propeller  of  the  tandem 
arrangement  used  on  the  Patrol  Craft  Hydrofoil  PC(H) . In  the  course  of  developing 
propulsion  data  for  the  PC(H)-1  Mod  0 and  Mod  1,  many  variations  of  sub-,  trans-,  and 
supercavltatlng  propellers  were  considered.  A summary  evaluation  of  these  combinations 
was  outlined  by  Peck  and  Hecker  (1971).  Their  cited  references  are  also  useful. 

Unique  propulsive  interaction  data  has  been  reported  on  by  Peck  (1966)  from  water 
tunnel  tests  of  three  different  model  propellers  operated  ahead  of  a PC(H) 
nacelle-wlng-strut  model.  Cavitation  numbers  varying  between  4.0  and  0.45  were 
Investigated.  Two  of  the  propellers  tested  could  be  referred  as  high-speed  or 
trsnscavltatlng  designs.  Figure  7 reproduced  from  Peck  (1966)  shows  the  measured  drag 
augmentation  (thrust  deduction)  plotted  versus  advance  ratio  for  the  high  expanded  area 
ratio  TMB  designed  propeller.  The  marked  Influence  of  cavitation  number  can  be  seen. 

The  propeller-wing  Interaction  problems  treated  in  classical  aerodynamic  works  on 
interference  such  as  the  references  by  Konlng  (1935)  and  Ferrari  (1957)  typically  deal 
with  how  the  propeller  race  velocity  field  affects  the  lift  performance  of  a wing 
located  behind  or  in  front  of  a propeller. 

In  recent  years  elaborate  computer  calculation  methods  using  lifting  surface 
methods  have  been  applied  to  wing/ jet  Interactions.  Some  examples  are  Levlnsky,  et  al 
(1970)  and  Schollenburger  (1973)  and  numerous  references  cited  therein. 

Other  wake-related  studies  Involve  the  velocity  patterns  and  tlp-vortex  paths 
from  the  forward  foil  system  In  way  of  the  after  foil.  Some  example  data  for  the  PC(H) 
hydrofoil  craft  have  been  obtained  by  Layne  (1969),  Day  (1970),  and  Power  (1971).  A 
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Figure  7 - Thrust  Deduction  Fraction  of  Propeller  3897  Operating  In 

Tractor  Mode  on  PC(H)  Model  Nacelle.  V - Effective  Advance 
Speed  (From  Feck  (1966))  d 

theoretical  analysis  for  the  wlng-lnduced  downwash  behind  a submerged  hydrofoil  has 
been  given  by  Kaplan,  Breslin,  and  Jacobs  (1960). 

Consents  and  Recommendations 


o Experimental  data  should  be  generated  for  the  pressure  field,  free  of  other  wall 
effects.  Induced  at  a flat  boundary  located  near  a partlally-cavltatlng 
propeller.  Special  attention  should  be  paid  to  the  spatial  variation  of  the  mean 
pressure  field. 

o Forced  ventilation  of  a propeller  Is  an  established  technique  used  to  simulate 
cavitatlng  flows  and  could  be  used  in  towing  tank  powering  experiments 
representing  certain  types  of  partlally-cavltatlng  conditions.  Systematic 
experiments  with  propellers  In  a range  of  vapor  cavitation  numbers  could  be 
performed,  including  wall  pressure  measurements,  to  test  the  validity  and  define 
the  limits  of  this  Idea. 

O A workable  analytical  prediction  scheme  for  propulsion  factors  for 

propeller-driven  planing  hulls  is  needed.  A much  Improved  analysis  of  planing 
hull  flow  through  the  entire  practical  speed  range  Is  required  to  do  this. 

O There  Is  a great  lack  of  published  data  on  propulsion  factors  applicable  to 
combinations  of  high  speed  displacement  hulls  with  well-chosen  high  performance 
propellers . 

O Very  large  subcavltatlng  hydrofoil  systems  being  considered  will  probably  focus 
attention  on  propulsive  Interaction  problems,  Including  free  surface  effects  on 
propellers  and  lifting  hydrofoils  at  lower  Froude  numbers  than  are  typical  for 
existing  hydrofoil  craft. 
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2.  SUPER CAVITATING , SUBMERGED  PROGELLERS 


Supercavltating  propellers  ere  taken  here  to  Include  those  screw  propellers 
specifically  designed  to  have  fully  developed  blade  cavity  flows  and  which  are  operated 
at  speeds  sufficient  to  achieve  cavities  greater  chan  one  chord  length.  Strictly 
speaking,  a supercavltating  propeller  should  have  a long  cavity  spring  from  each  blade 
leading  edge  and  extend  radially  fron  root  to  tip  so  that  the  cavity  envelopes  the 
whole  side  of  each  blade.  Only  fully  submerged  propeller  arrangements  are  considered 
In  this  section.  High-performance  vehicles  that  are  combined  with  submerged 
supercavltating  propellers  could  Include:  high  speed  displacement  ships,  planing  craft, 
sldehull  surface  effect  ships,  and  hydrofoil  craft. 

Analogous  to  subcavltating  propeller  flow,  the  essential  physical  feature  of 
supercavltating  propellers  relating  to  Interactions  is  the  pressure  field  Induced  ahead 
or  alongside  the  disk  location.  The  presence  of  fully  developed  blade  cavities  whose 
size  and  ahape  can  vary  considerably  with  advance  coefficient  complicate  the  simple 
picture  of  Induced  pressure  distribution  that  can  be  derived  for  a non-cavitatlng 
propeller.  Measurements  by  Rozhdestvensky  (1958)  and  analysis  by  Bavin  (1965)  and 
Nelson  (1964)  Indicate  that  the  presence  of  constant  pressure  cavities  on  the  back  side 
of  supercavltating  propellers  blades  limits  the  level  of  the  induced  suction  pressure 
region  ahead  of  the  propeller  disc.  The  net  effect  of  the  blade  cavities  is  similar  to 
Increased  blade  thickness.  Since  there  Is  a smaller  area  for  the  flow  to  pass  through, 
snd  since  the  velocity  Is  limited,  roughly  speaking,  by  the  vapor  cavitation  number 
velocity  u/(l+o , the  approaching  flow  is  retarded  Instead  of  accelerated  through  the 
propeller  disk.  There  Is  a competition  between  the  thrust  loading  effect  (suction 
ahead)  and  the  thickness  effect  (overpressure  ahead). 

Gorshkoff  (1972)  has  outlined  a history  of  some  of  the  work  on  supercavltating 
propeller  flow  fields  and  the  consequences  on  steady  propulsive  interactions,  snd  has 
provided  en  Interesting  bibliography.  Mavlyudov,  et  al  (1973)  have  presented  a survey 
of  engineering  calculations  applicable  mainly  to  hydrofoil  craft  using  approximate 
methods  for  estimating  performance  of  supercavltating  propellers.  The  Lockheed 
Technology  Design  Manual  (1974^)  presents  a large  collection  of  Information  on 
supercavltating  propellers  with  a primary  orientation  toward  SES  applications. 

Near  Hulls 

There  are  two  general  high-performance  hull  types  that  could  reasonably  be  paired 
with  submerged  supercavltating  propellers:  high  speed  displacement  shlpe  end  planing 
hulls.  As  far  as  is  known,  there  ere  no  published  results  on  propulsion  data  for 
either  combination. 

The  experimental  studies  mentioned  In  the  previous  section  by  Bavin  and  Mlniovlch 


(1963)  and  by  Prlahchamikhin  (1975)  hava  provided  example  pro pula Ion  lntar action  data 
for  conventional  ahlp  forms  vail  Into  tha  auparcavitatlng  regime . Tha  alight  upward 
than  eventual  downward  trand  of  thruat  deduction  with  dacraaalng  cavitation  nuabar  has 
boon  notod , and  la  raltorotod  hero  in  another  plot  roproducad  f roa  Prlahchaalkhln 
(1975)  In  Figure  8.  The  effect  of  dacraaalng  advance  coefficient  on  producing  reduced 


Figure  8 - Thruat  Deduction  Fraction  aa  a Function  of  Advance  Ratio  and 
Cavitation  Number  for  Cavltatlng  Propeller  Driving  a 'Victory' 

Ship  Hull  (From  Prlshchemikhln  (1975)) 

or  even  slightly  negative  thruat  deduction  la  shown  very  clearly.  This  la  expected 
because  the  low  J range  corresponds  to  large  blade  angles  of  attack  and  large  cavities 
which  should  accentuate  the  flow-  retarding  qualities  of  a supercavltatlng  screw. 
Unfortunately  the  geometries  of  the  conventional  hull  forms  used  In  these  experiments 
are  not  close  enough  to  high-performance  forms  to  be  of  much  use  In  that  application. 
The  same  can  be  said  for  all  the  known  published  experimental  work  obtained  in  the 
Netherlands  Vacutank  or  In  the  large  water  tunnel  facilities  In  Sweden  and  Norway  on 
the  performance  of  tanker  or  merchant  ship  hulls  operating  with  cavltatlng  (partial) 
screw  propellers. 

It  Is  speculated  that  because  of  the  gentle  buttock  slopes  of  typical  transom 
stern  high-speed  displacement  hull  forms  forward  of  the  propeller  disk  location,  the 
dramatic  effects  on  thrust  deduction  observed  with  a fully-cavltatlng  propeller  near  a 
steep-ended  Victory  ship  hull  will  not  be  realized. 

Near  Strut/Pod 

Supercavltatlng  propellers  mounted  on  strut-pod  arrangements  have  been  considered 
as  propulsor  systems  for  large,  high  speed  SESs.  Such  configurations  could  conceivably 
also  be  used  on  high  speed  displacement  ships  or  for  planing  hull  propulsion  as  well. 

The  propeller  mounted  on  a strut-pod  arrangement  may  be  either  a tractor  or  a 
pusher.  Striking  differences  In  their  characteristics  are  due  mainly  to  propulsive 
interactions . 

Propulsion  performance  of  tractor  propellers  mounted  on  parabolic-shaped  pods 
have  been  studied  experimentally,  for  example,  by  Hecker  and  Peck  (1969)  and  by  Scherer 
and  Barr  (1969).  Tractor  propellers  have  some  advantage  over  pusher  arrangements  In 
that  they  operate  In  clear,  open  flow,  and  thus  avoid  unsteady  forces  due  to 


circumferential  variations  In  blada  loading  In  a vaka,  as  wall  as  tbs  csvltstlon  sad 
erosion  that  also  accompany  the  wake.  They  do  have  special  problems  such  as  Induced 
drag  on  the  pod-strut  combination,  side  forces  Induced  by  the  strong  rotation  of  the 
propeller  slipstream,  and  possible  strut  end  pod  erosion  due  to  cavity  collapse. 


Figure  9a-  Schematic  of  Tractor  Propeller  Model  Mounted  to  Pod-Strut 
(Hecker  and  Peck  (1969)) 


Figure  9b-  Thrust-Induced  Drag  Coefficient  Measured  on  Pod-Strut  Syst< 
(From  Hecker  and  Peck  (1969)) 


Figure  9a  Is  a sketch  of  the  model  geometry  tested  by  Hecker  and  Peck  (1969)  In  a 
36-inch  water  tunnel,  using  an  existing  3-bladed,  controllable-pitch,  supercavltatlng 
propeller.  Figure  9b  shews  example  measured  propeller-induced  drag  Increment 
coefficients  displayed  versus  advance  coefficient,  with  contours  of  the  three 

iter  ratios  tested,  at  a centerline  cavitation  number  of  0.3  (53.5  knots). 


pitch-to-dli 

Corresponding  curves  for  the  side  force  on  the  strut-pod-propeller  combination  are 
shown  In  Figure  10. 

The  supercavltatlng  tractor  propeller  model  tested  by  Scherer  and  Barr  (1969)  In 
a free  surface  water  channel  Is  shown  schematically  In  Figure  11.  The  net  drag,  lift, 
and  side  force  on  the  entire  strut-pod-propeller  combination  were  measured,  so  the  open 
water  propeller  characteristics  of  the  model  propeller  must  be  used  to  estimate  the 
performance  of  the  propeller  in  the  ’ahead’  condition.  Figure  12  Is  a plot  of  measured 
drag  and  net  thrust  versus  advance  coefficient  scaled  to  prototype  slse  for  simulated 
operation  at  80  knots  (°v“  0.125).  A dramatic  Increase  in  Induced  pod-strut  drag  Is 
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Figure  10  - Thrust-Induced  Side  Force  Coefficients  on  Pod-Strut  System  of 
Figure  9a  (From  Becker  and  Peck  (1969)) 

seen  In  the  low  J range.  This  Is  thought  to  be  caused  mainly  by  the  pressure 
distribution  associated  with  the  large  blade  cavities.  If  the  bare  pod  drag  Is 
Interpreted  as  appendage  drag,  then  the  thrust  deduction  fraction  for  this 
configuration  Is  dependent  on  the  difference  In  pod-strut  drag  due  to  the  action  of  the 
propeller. 


Advance  Ratio,  J 

Figure  12  - Scaled  Thrust  and  Drag  versus 

Advance  Ratio  for  Supercavltatlng 
Tractor  Propeller  of  Figure  11 
(From  Scherer  and  Barr  (1969)) 
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t - AD/T 

&D  ' “prop  " “bare 

D “ drag , propeller  operating 
prop 

“ dreg  of  pod-etrut  alone 
T - thrust  (take  from  open  water  characteristics) 

At  J ■ 1.0,  the  thrust  deduction  frsctlools  thus  estlaated  to  be  t - 0.27,  and  at 
J - 1.2,  it  la  t » 0.15.  Similarly,  the  wake  fraction  based  on  thrust  can  be  estimated 
at  J ■ 1.2  to  be 

v_  - -0.025. 

T 

Super cavi tat ing  pusher  propeller  arrangements  of  strut-pod-propeller  have  been 
tested  by  Barr  (1969)  and  by  Altmann  (1969^)  using  unstepped-  and  stepped-pod  designs, 
respectively. 

Example  results  are  Included  here  from  the  work  of  Altmann  (1969()  that 
Illustrate  negative  thrust  deduction.  The  configuration  pictured  In  Figure  13  la  a 
stepped-pod  version  of  the  emooth-pod  arrangement  tested  by  Barr  (1969).  Teat  were 
conducted  with  the  asms  four-bladed,  supercavltating  propeller  designed  for  Barr's 
experiments.  In  Figure  14,  the  propulsive  characteristics  of  this  arrangement  are 
displayed  veraus  advance  coefficient  for  simulated  60  knot  prototype  operation 
(?v  ■ 0.2)  at  aero  yaw  angle  and  no  forced  ventilation.  The  net  thrust  coefficient  la 
defined  as 

Snet  “ h + (Dbare-  /pn\rov 

2 4 

where  K_  - thrust  coefficient  ■ thrust/pn  d * 

T prop 

(I^rop  ~ %are  ^ “ measured  difference  In  the  strut-pod  drag  due 
to  propeller  operation 


The  thrust  deduction  depends  on  the  measured  change  In  strut-pod  drag,  and  therefore 
can  be  written  as 

*T  ~ ^Tnet  AD 

*T  “ T 

In  the  case  of  low  cavitation  number  operation  represented  by  Figure  14,  the 

values  are  seen  to  exceed  the  curve  at  all  J values,  and  for  example  it  J « ?*§,  the 

thrust  deduction  la  negative 

t - -0.104 

Using  the  open  water  curves  for  this  propeller,  as  provided  by  Barr  (1969) , the  thrust 
and  torque  wake  fractions  determined  at  J - 1.5  for  the  case  represented  by  Figure  14 
are  w^  ■ 0.04  and  w^  » 0.08. 

Considerably  more  supercavltating  propeller  propulsive  data  are  available  In 
Altmann 's  report.  Including  the  effects  of  yaw  angle,  forced  air  ventilation  Issuing 
from  the  base  of  the  step,  and  comparisons  with  the  smooth-pod  results  of  Barr  (1969). 
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will  undoubtedly  exhibit  different  thrust  deduction  properties  then  fully  wetted  folio 
end  struts.  As  fer  ss  Is  known,  there  le  no  work  thst  explores  ell  the  possibilities 
of  propulsive  Interactions  between  supercevltetlng  propellers  end  various  geometries 
and  flow  conditions  of  a strut-pod-foil  support  system.  The  report  of  Peck  and  Hecker 
(1971)  Is  the  only  known  attempt  to  rate  the  relative  merits  of  sub-,  trans-,  and 
supercavltating  propellers  for  use  In  the  tandem  propulsion  system  of  the  PC (H) -Hod  0 
and  Mod  1. 

An  example  of  experimental  data  for  the  performance  of  a supercavltating 
propeller  behind  a strut-pod-hydrofoil  model  has  been  presented  by  Barr  and  Stephens 
(1965)  for  the  foilborne  operation  of  the  U.S.  Navy  Hydrofoil  AG(EH).  The  tests  were 
performed  In  a free  surface  water  channel  using  a partial  model  with  truncated  foils. 
Some  wake  velocity  profiles  were  also  measured  and  compared  with  wind  tunnel  wake 
surveys  obtained  earlier  by  Moore  (1964)  who  used  a complete  model  of  the  AG(EH) 
hydrofoil  strut-nacelle-wing  arrangement. 

For  the  interaction  between  a hydrofoil  and  fully  cavltatlng  propeller  located  a 
distance  of  0.72  radius  behind  the  foil  trailing  edge,  the  brief  report  by  Beveridge 
(1964)  Is  of  some  Interest.  Figure  15,  reproduced  from  Beveridge  (1964)  applies  to  the 
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Figure  15  - Measured  Thrust  Deduction  Fraction  for  a Hydrofoil  Mounted  in 
Front  of  a Fully  Cavltatlng  Propeller  (From  Beveridge  (1964)) 

case  of  « 0.6,  and  shows  the  decrease  of  measured  thrust  deduction  with  reduced  J at 
several  values  of  foil  angle  of  attack.  Slightly  negative  values  are  observed  for 
J < 0.6  and  very  large  angles  of  attack.  Beveridge  also  presented  results  of  velocity 
field  calculations  ahead  of  and  behind  the  propeller  using  Kerwln's  (1964)  propeller 


lifting  surface  program. 


Comments  and  Recommendations 

O Propulsion  interaction  data  are  not  available  for  fully  cavitatlng  propellers 
driving  true  high-performance  displacement  hull  shapes.  Should  experiments  with 
such  arrangements  ever  be  performed,  careful  documentation  of  the  pressure  field 
induced  on  the  hull  is  vital  to  better  understanding  of  the  inferred 
interactions. 

O Future  propulsion  studies  on  strut-pod-propeller  and  hydrofoil  arrangements 
should  explore  the  many  possible  combinations  of  both  partial  - or  fully  - 
cavitatlng  foils,  struts,  pods  and  propellers  and  should  entail  a direct  display 
of  the  propulsive  interaction  properties. 

o There  will  unquestionably  be  severe  propulsion  problems  for  very  high  speed 
hydrofoil  craft,  such  as  a vehicle  that  could  use  the  recently  developed 
technology  for  high  speed  struts  and  foils  (Shen  and  Wermter  (1976)). 

Experiments  and  analysis  on  propulsive  interactions  must  play  an  important  role 
in  achieving  practical  arrangements. 

3.  PARTIALLY-SUBMERGED,  SUPERCAVITATING  PROPELLERS 


Partially-submerged  supercavltatlng  propellers  are  free  screw  propulsors 
(typically)  whose  blades  are  immersed  over  only  a part  of  one  revolution.  Under  ideal 
conditions,  the  blades  operate  self -ventilated,  each  blade  providing  the  ventilation 
path  through  the  trailing  cavities  open  to  the  atmosphere. 

General  performance  features  of  partially-submerged  propellers  are  described,  for 
example,  by  Hadler  and  Hecker  (1968)  and  by  Hecker  (1973)  using  data  obtained  in  a 
towing  basin;  and  by  Bohn  and  Altmann  (1975)  using  data  obtained  in  a free  surface 
water  channel.  A wide  ranging  collection  of  information  on  supercavltatlng  propellers, 
including  partially-submerged  propellers,  has  been  provided  by  Lockheed  (1974^). 

Hecker  end  Altmann  (1976)  have  presented  an  extensive  review  end  bibliography  on  the 
subject,  also  encompassing  partially-submerged  propellers. 

As  regards  the  topic  of  interactions,  this  type  of  supercavltatlng  propeller  is 
discussed  separately  from  the  fully-submerged  variety  because  of  the  special  mixture  of 
physical  effects  that  characterize  their  operation.  Problems  stem  from  the  fact  that 
true  blade  self-ventilation  (complete  vented  cavities  on  the  suction  side,  fully  wetted 
pressure  side)  occurs  over  only  a narrow  J-range,  and  that  the  model  scaling  becomes 
more  complicated  both  at  the  high  J and  low  J ends  of  the  complete  range.  At  high 
J-values,  partial  cavitation  and  ventilation  are  mixed,  and  the  transition  to  full 
ventilation  may  be  accompanied  by  great  flow  unsteadiness  and  vibration.  See  Kruppa 
(1972).  At  low  J-values,  thick  blade  cavities  are  under  the  influence  of  local 
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cavitation  and  ara  known  to  grow  In  adjustment  to  tha  flow  retardation  through  tha 

dlak.  Additionally,  massive  air  entrainment  out  of  tha  large  cavltlaa  will  alter  the 

4 I 

extant  of  ventilation,  poaaibly  Halted  by  the  cavity  choking  phenoaenon.  The 

t j 

neceaaary  flow  of  air  down  Into  the  ventilated  cavity  aleo  dictates  that  the  air 
preeeure-to-cevity  pressure  be  correctly  aodeled  In  experlaenta  at  low  J values. 

Other  probleaa  are  associated  with  the  distortion  of  the  free  surface  near  the 
propeller.  Particularly  at  low  J-^values,  the  surface  elevation  can  rise  significantly 
ahead  of  the  disk.  In  the  lateral  direction,  the  surface  Is  drawn  down  near  blade 
entry  and  pushed  up  near  the  exit  on  the  opposite  side.  1 

These  effects  cowblne  In  such  a way  that  there  Is  no  simple  way  to  per for*  an 
open  water  test  with  a partially-submerged  propeller.  Merely  the  surface  distortion 
that  occurs  near  the  propeller  will  change  the  submergence  ratio  as  a function  of 
thrust  loading  and  speed.  If  a flat  test  boat  or  plate  Is  placed  In  front  of  the  disk, 


there  will  be  an  influence  of  the  wake  from  the  boundary  layer.  To  date,  what  little 
propulsive  Interaction  data  exists  has  been  obtained  by  measuring  tha  propeller 
performance  (In  place)  and  the  forces  on  the  support  structure  separately. 

hear  Bulls 

There  are  two  known  examples  of  propulsion  experiments  with  partially -submerged 
propellers  near  hullo,  and  they  both  Involve  variations  of  narrar  SZS  sldehulls. 

Altmann  (1969^)  has  presented  results  of  tests  with  a 6-blsded  semi-submerged  propeller 
operated  behind  three  similar  SZS  side hull  configurations , all  fitted  with  a 
cylindrical  fairing  Just  upstream  of  the  propeller.  Independent  measurements  ware  made 
of  the  sldehull  drag  and  tha  propeller  forces.  Cavitation  scaling  was  employed. 

Figure  16,  reproduced  from  Altmann  (1969^) , shows  curves  of  tha  changes  la  model  drag 
versus  advance  coefficient  that  seam  to  display  the  expected  negative  thrust  deduction 
effect.  The  dip  In  the  measured  6DRAG  values  was  not  anticipated.  At  J~values  below 
the  sudden  decrease  In  ADRAG,  there  was  reported  a noticeable  unsteadiness  In  the  drag 
readings  that  was  not  matched  by  fluctuations  In  the  propeller  thrust  or  by  obvious 
ventilation  of  a local  region  on  the  hull.  Apparently  there  was  sufficient  uncertainty 
regarding  these  drag  changes,  that  they  were  not  used  to  generate  net  thrust 
coefficients  from  the  measured  thrust  data.  Phenomena  like  this  should  provoke  further 
study. 

The  model  propeller-sldehull  configuration  tested  by  Barr  and  Altmann  (1970) 
became  part  of  tha  basis  for  the  propulsion  system  used  on  the  Bell  Company  SBS  100B. 

In  order  to  satisfy  the  thrust  requirements  at  low  speed,  a twln-ramp  system  pictured 
In  Figure  17  was  used  to  adjust  tha  flow  level  entering  the  propeller  disk.  The  same 
separate  sldehull  drag  and  propeller  force  measurement  schema  employed  by  Altmann 
(1969^)  was  usad.  In  addition,  static  pressure  data  ware  taken  at  IS  points  on  each 
ramp,  and  these  showed  a noticeable  overpressure  effect  building  up  at  low  J-valuas  for 
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Advance  Ratio,  J 

Induced  Dreg  on  e Model  SES  Sidehull  Due  Co  Operation  of 
Partially-Submerged  Propeller  (Prom  Altmann  (1969^)) 


the  caaea  displayed. 

Aa  far  as  la  knovn,  there  are  no  data  for  drag  increments  or  pressure 
measurements  on  a planing  hull  located  near  an  operating  partially-submerged  propeller 
It  Is  anticipated  that  an  overpressure  ahead  of  a supercavltatlng  propeller  Integrated 


figure  17  - Twin  tamp  System  for  Partially-Submerged  Propeller  Mounted  on 
a SES  Sidehull.  (Prom  Hecker  and  Altmann  (1976)) 


over  the  broad  expanee  of  area  on  a planing  hull  could  produce  not  only  a thruet 
deduction  effect,  hut  aleo  a contribution  to  a nose— down  pitching  aoent.  These 
effects  are  evidently  not  very  large  for  the  geoaetry  of  the  SES,  where  the  hulls  are 
very  narrow,  and  where  separate  adjustment  of  trim  can  be  made  with  seal  presauree. 

Transverse  Forces 

Owing  to  the  non-uniform  and  unsteady  variation  of  blade  forces  generated  as  the 
blades  perform  their  periodic  water  entry  and  exit  trajectory,  there  are  net  vertical 
and  horizontal  transverse  forces  that  accompany  useful  thrust  of  a partially-submerged 
propeller.  These  can  be  considered  as  part  of  the  subject  of  Interaction. 

Data  on  the  magnitude  and  direction  of  the  vertical  and  horizontal  forces  have 
been  obtained  mainly  at  DTNSRDC  and  Hydronautlcs , Inc.  Some  example  results  on 
transverse  forces  have  been  provided  by:  Crown  and  Hecker  (1968),  Feck  (1968),  Hecker 
and  Crown  (1969),  Hecker  and  Hendrlcan  (1969),  Crown  and  Hecker  (1971),  and  Bohn  and 
Altmann  (1975).  Results  for  Inclined  shaft  geometries  are  Included  In  the  latter  two 
reports . 

There  are  Interesting  differences  in  the  size  and  direction  of  the  vertical 
force.  Altmann  (1969ft)  found  large  vertical  forces,  often  much  larger  than  the  thrust. 
Figure  18,  for  example,  shows  the  vertical  and  horizontal  force  coefficients  based  on 


Figure  18  - Example  Measured  Transverse  Force  Coefficients  Due  to  a Partially- 
Submerged  Propeller  Operating  Behind  a SES  Sldehull.  Hater 
Channel  Test  (From  Altmann  (1969{,)) 

propeller  diameter  D,  and  rotational  speed  n 
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and  their  ratios  with  thrust  plotted  versus  advance  ratio.  It  should  be  noted  that  the 
sign  of  the  horizontal  force  is  opposite  froe  the  convention  used  presently.  With  the 
propeller- SES  sldehull  errangement  having  twin  rasps,  Barr  and  Altmann  (1970)  found 
generally  smaller  magnitude  vertical  forces.  Just  how  the  differences  in  propeller 
geometries  and/or  in  the  sldehull  geometries  between  these  two  experlmuta  can  account 
for  these  changes  la  not  clear. 

Different  trends  in  the  vertical  forces,  sometimes  negative  values,  were  observed 
by  Becker  and  Crown  (1969).  The  effect  of  blade  thlckneae  wes  found  by  Csown  and 
Hecker  (1968)  to  cause  a definite  negative  trend  for  K^,  as  shown  in  Figure  19.  Baked 
blades  on  propellers  at  an  inclination  angle  seemed  to  reduce  the  magnitude  of  vertical 
force,  as  reported  by  Crown  and  Hecker  (1971). 


Propeller  4281,  P/D  * 1.8 


50X  Submerged 


Advance  Ratio,  J 


Advance  Ratio,  0 

Figure  19  - Horiaontal  and  Vertical  Transverse  Force  Coefficients 

Produced  by  Propeller  4281  (Three  Thickness).  Towing  Basin 
Test  (From  Crown  and  Hecker  (1968)) 


Unsteady  Transverse  Forces 


Highly  unsteady  blade  forces  and  pressure  distributions  are  distinctive  features 
of  partially-submerged  propeller  operation.  Example  experimental  observations  of  the 
fluctuating  force  magnitudes  and  time  histories  have  been  reported  on  by  Kopko  (1969), 
Dobay  (1971),  and  Altmann  (1974).  Information  on  the  unsteady  pressure  histories  and 
analysis  can  be  found  in  the  report  by  Altmann,  Bohn,  and  Schaeffer  (1975). 
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Tandem  Arrangement* 

There  hee  been  a general  feeling  Chet  tandem  errangemente  of  eupercavitatlng 
propeller*  would  be  poor  performer*  because  of  adverse  Interactions  between  blade 
cavities.  From  a recent  experimental  study  with  closely  spaced,  offset,  and  slightly 
overlapping  partially-submerged  propellers  performed  by  Roddy  (1976),  It  appears  that 
there  Is  no  dramatic  destructive  Interference,  and  that  net  propulsion  performance  can 
be  fairly  well  estimated  by  adding  the  results  of  separate  (single)  propulsion 
experiments. 

Comment*  and  Recommendation* 

The  high  apparent  efficiencies  and  potentially  low  appendage  drag  of 
partially-submerged  propellers  continue  to  motivate  Interest  In  applications  of  these 
propulsors.  At  the  seme  time,  questions  of  model  scale  effect,  large  transverse 
forces,  and  unsteady  blade  forces  and  pressures  contribute  to  a poor  understanding  of 
hull-propeller  interactions. 

o There  Is  a need  for  very  high  speed  model  tests  of  partially  submerged 
propellers  where  proper  scaling  of  both  the  vapor  cavitation  number  and 
atmospheric-to-cavlty  pressure  ratio  are  satisfied.  If  a flat  bottom  test 
boat  or  plate  Is  used  to  govern  the  propeller  submergence,  careful  pressure 
measurements  and  separate  force  and  moment  data  on  the  boat  should  be 
obtained. 

o General  features  of  partially-submerged  propeller  propulsive  Interactions 
should  be  determined  for  geometries  ranging  from  narrow  sldehulla  to  wide 
flat  and  V-bottom  planing  surfaces  at  various  trim  angles.  Careful 
boundary  layer  (wake)  date  should  also  be  obtained. 

4.  WATERJET  PROPULSORS 

There  are  two  main  categories  of  high  performance  craft  water jet  systems,  based 
on  the  type  of  Inlet:  pod-strut  (ram)  and  flush/seml-flush.  The  first  type  seems  well 
suited  for  hydrofoil  craft  applications,  although  pod-strut  arrangements  mounted  on 
hulls  have  also  been  employed.  The  second  type  appears  appropriate  for  planing  boats 
and  for  sldehull  air  cushion  craft.  An  Interesting  up-to-date  review  of  the 
applications  of  waterjet  propulsors  as  of  1976  has  been  given  by  Etter  (1976). 

Judging  from  the  published  material  on  waterjet  design  methodology.  It  appears 
that  techniques  of  dealing  with  the  propulsive  Interactions  require  a somewhat 
different  approach  than  the  classical  naval  architecture  point  of  view.  The  idee  of 
accounting  for  propulsor-hull  efficiency  and  an  leolated  propulsor  efficiency  Is  not 
generally  applicable.  This  Is  because  the  flow  geometries  of  the  waterjet  systems  are 
often  so  Integrated  with  the  hull  or  support  structure  that  a separate  characterisation 


of  th«  system  elements  fall*  Into  a different  fora  than  the  f miliar  thrust  deduction, 
wake  fraction,  and  relative  rotative  efficiency. 

Two  examples  of  efforts  to  organize  the  propulsion  properties  of  generalized 
reactlon-propulsors  (including  weterjats)  for  high  speed  craft  along  the  traditional 
lines  of  interaction  can  be  found  In  selected  chapters  in  the  works  of  Kulikov  snd 
Khrsnkln  (1970)  snd  Mavlyudov,  at  al  (1973).  When  it  comas  down  to  specific  water jet 
eye tens,  however,  these  authors  have  employed  hydraulic  performance  parameters  similar 
to  those  used  In  the  literature  of  the  U.S.  and  Europe. 

Propulsive  interaction  in  a waterjet  system  entails  a bookkeeping  problem  of- whet 
penalties  to  assign  to  the  performance  of  various  elements.  The  connection  between 
propulsor  and  vehicle  is  essential,  and  the  bookkeeping  must  be  able  to  account  for 
Ingested  boundary  layer  flow  (Influence  of  the  hull)  on  thrust  and  on  the  quality  of 
flow  presented  to  the  pump.  One  successful  scheme  of  describing  what  amounts  to  a 
hydraulic  circuit  for  the  waterjet  syetem  is  that  presented  by  Barr  (1974)  and  Johnson 
(1974).  The  essential  relationships  are  outlined  by  E.  Miller  in  Appendix  8 of  this 
ATTC  volume. 

The  basic  idea  for  sizing  a waterjet  arrangement  for  e given  vehicle  of  known 
bare  hull  drag,  la  to  natch  the  vehicle  dreg  with  the  net  thrust  (thrust  available) 
produced  by  the  waterjet  in  place  and  operating.  Added  drag  due  to  the  waterjet 
installation  must  be  subtracted  from  the  gross  thrust  capability.  If  the  on-board 
weight  within  the  ducting  is  counted  as  part  of  the  bare  hull  vehicle  weight,  the  net 
thrust  of  the  Installed  waterjet  is 
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where  the  notation  of  E.  Miller,  Appendix  8 applies. 

Vlth  reference  to  the  basic  expressions  for  waterjet  system  performance  outlined 
by  Miller,  only  a brief  reiteration  la  necessary  here.  For  general  waterjet  systems 
the  propulsive  Interactions  are  also  embodied  in  the  performance  factors: 

Cp  “ external  drag  coefficient  of  the  inlet  added 
* to  the  bare  hull  plus  any  appendages  associated 
with  the  installation  ■ D./PgpU^  A.) 

ry  X O X 

K - k + 2gAh/vf  “ total  loss  coefficient 
2 

k “ 2ghL/V(k  - Internal  and  diffusion  head  loss 
coefficient 

V /U  , V. /U  » momentum  and  energy  velocity  ratios  of 

IDO  * O 

nonuniform  flow  passing  through  the  inlet 
area,  A± 

Energy  recovery  at  the  downstream  and  of  the  diffuser  section  is  related  to  (1-K)  with 
some  adjustment  for  elevation  differences. 

The  moat  Important  interaction  effects  between  hull  and  waterjet  performance  are 
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dependent  on  the  inlet  external  drag  coefficient  , and  the  two  flow  quality 
paranetera  V /U  and  V. /U  . To  a leaaar  extent  tha  internal  geonetry  and  loea  achedule 

m O " O 

aa  revealed  in  the  energy  recovery,  (1-K) , can  alao  reflect  lnfluencea  exerted  by  the 
external  flow. 

Experiments  to  obtain  these  performance  factors  must  be  carefully  chosen  since  it 
is  usually  possible  to  eatlsfy  only  one  out  of  the  three  major  scaling  parameters 
Involved:  cavitation  number,  Reynolds,  end  Froude  numbers.  For  high  speed  inlets  or 
inlets  that  must  accomodate  large  inlet  velocity  ratio  excursions,  the  cavitation 
number  is  most  Important,  although  scaling  tha  boundary  layer  thickness  with  Reynolds 
number  should  also  be  accounted  for.  For  external  interaction  properties,  the  Froude 
number  and  the  complex  ventilation  scaling  take  on  added  importance. 

An  Important  feature  of  waterjet  systems  that  can  exert  an  Interaction  effect  is 
the  weight  of  on-board  water,  which  will  cause  an  Increase  in  the  basic  hull  resistance 
over  the  empty  craft  resistance  by  the  mount  W^tD/L)^.  Here  is  the  weight  of  water 
within  the  ducting  system  and  (D/L)v  is  the  hydrodynamic  drag-to-llft  ratio.  The  added 
weight  can  also  alter  the  trim  of  the  vehicle,  introducing  direct  drag  changes  to  a 
trim-sensitive  craft. 

Moat  of  what  is  known  about  performance  factors  and  how  they  scale  is  scattered 
throughout  numerous  reports,  but  detailed  and  well  founded  data  exist  for  relatively 
few  and  specific  flow  geometries.  Overall  reviews  of  the  literature,  state-of-the-art 
design  discussions,  and  bibliographies  are  to  be  found  in  references  such  as  Brandau 
(1968),  Barr  and  Stark  (1973),  Barr  (1974),  Callenen  and  Nelka  (1974),  and  the  Lockheed 
Technology  Design  Manual  (1974^). 

Pod-Strut  (Ram)  Inlets 

Examples  of  current  design  methods  for  pod-strut  inlets  have  been  presented  by 

Sherman  and  Lincoln  (1969),  Levy  and  Meggitt  (1971),  and  Developmental  Sciences,  Inc. 

(1973).  The  first  two  deal  with  details  of  analysis  and  design.  For  example,  Sherman 

and  Lincoln  (1969)  illustrate  succinctly  the  characteristic  trade-off  between  external 

inlet  drag  coefficient  and  the  internal  losses  for  several  variations  of  rsm  inlet 

systems.  Figures  20a,b  reproduced  from  Sherman  and  Lincoln,  show  the  schematic  of  a 

base-vented  ram  inlet  (step  at  maximum  thickness)  designed  for  cavitation-free 

operation  at  100  knots,  and  the  corresponding  calculated  variation  of  the  external  drag 

2 

coefficient  and  internal  loss  factor  ■ 2gh^/Uo,  plotted  versus  inlet  velocity 
ratio  Vj/nQ.  is  far  as  is  known,  the  performance  predictions  of  Sherman  and  Lincoln 
have  not  been  verified  experimentally. 

Barr  (1974)  has  included  a substantial  portion  of  his  review  to  hydrodynamic 
problems  of  pod-strut  inlet  combinations  using  hydraulic  estimation  techniques. 

Experiments  have  been  carried  out  at  DTHSRDC  on  a variable  inlet  area,  pod-strut 
inlet  with  a translating  plug  centerbody  designed  by  DSI.  Performance  data  with  regard 
to  overall  drag,  internal  head  loss,  and  cavitation  inception  boundaries  were  obtained 
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Sherman  0.969))  iml*t  vclocitv  katio,  iva*v;/o. 

Figure  20b-  Calculated  External  drag  and 

Internal  Loss  Factors  for  Base 
Vented  Pod  Inlet  System  (From 
Lincoln  and  Sherman  (1969)) 

and  reported  on  in  preliminary  fashion  by  Sobolewsky  (1977). 

A collection  of  external  drag  coefficients  and  Internal  loss  coefficients  for 
various  scoop  shapes  has  been  assembled  by  Hoemer  (1965). 

Schvlnd  (1969)  has  presented  results  of  wind  tunnel  experiments  to  determine 
pressure  recovery  characteristics  of  a scoop-llke  inlet  operated  at  various 
submergences  within  a wall  boundary  layer,  including  a case  with  the  Inlet  centered  at 
the  edge  of  the  layer.  The  two  unique  features  about  the  arrangement  were  the  45 
degree  back-angled  scoop  lip  and  the  abrupt  dump  diffusion.  Application  of  this  Inlet 
to  a waterjet  would  require  careful  checks  on  the  lip  surfaces  and  scoop-wall  juncture 
for  cavitation  problems. 


Flush/Semi-Flush  Inlets 

. 

Flush  and  semi-flush  Inlets  can  be  regarded  as  being  imbedded  In  the  hull 
surface.  Such  Inlets  fit  naturally  Into  the  geometry  of  low  deadrlse  planing  hulls. 
Their  application  to  surface  effect  ships  usually  entails  the  use  of  a special  fairing 
or  bulge  to  provide  a locally  flat  region  in  the  otherwise  thin,  high  deadrlse 
sldehull. 

Representative  design  methods  have  been  presented  by  Johnson,  et  al  (1972) 


(reviewed  and  updated  by  Krishnamoorthy  (1977)),  Chisholm,  Klntls,  and  Reichert  (1972), 

and  Aerojet  General  Corp.  (1972).  The  Lockheed  Technology  Design  Manual  (1974‘) 

0 

provides  an  extensive  design  compendium  with  an  orientation  toward  SES  applications. 

The  classical  work  on  submerged  Inlets  by  Mossman  and  Randall  (1948)  still  serves 
as  an  excellent  level  of  achievement  for  flush  Inlet  performance,  without  regard  to 
cavitation.  It  contains  extensive  data  on  the  external  drag  and  Internal  pressure 
recovery  for  Inlets  Imbedded  In  a flat  wall. 
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Surfacs  Effect  Ships.  Only  recently  has  sufficient  data  for  fluah  Inlets  become 
available  for  application  to  vary  high  epeed  narlna  vehicles,  where  cavitation 
performance  Is  a dictating  factor.  Some  examples  with  selected  data  pertaining  to 
Interactions  can  be  noted. 

For  the  various  inlet  configurations  developed  for  SES  application  by  Chisholm, 
Kin t Is,  and  Reichert  (1972)  experiments  were  carried  out  la  a water  tunnel  by  Bumenlck 
and  Kramer  (1974).  Figure  21  shows  sample  static  pressure  distributions  for  the  Inlet 


Distance  from  lip  tip.  Inches 


Figure  21  - Sample  Treasure  Distributions  on  a Model  Flush  Inlet 
(From  Bumenlck  and  Kraswr  (1974)) 

at  cruise  condition  at  three  different  inlet  velocity  ratios,  IVR  * V./U  “ Q/A.U.  It 

1 O 1 o 

la  interesting  to  note  that  as  the  IVR  increases,  there  occurs  a deepening  suction 
valley  on  the  upper  surface  (ramp),  and  that  the  effect  extends  forward  of  the  lip  as 
well.  An  opposite  pattern  of  pressure  occurs  on  the  outside  lip.  The  slight  suction 
peak  at  low  IVR  gives  way  to  mostly  positive  pressures  at  higher  IVRs.  One  can  easily 
Imagine  net  Interaction  forces  arising  from  the  external  pressure  Integration. 

Data  were  aleo  gathered  by  Hunenick  and  Kramer  (1974)  for  the  duct  velocity 
profiles  at  the  dlffuaer  outlet  and  head  loss  factors. 
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Ext coaly*  data  baa  bean  obtained  over  several  years  at  Hydronautics , Inc.  on  the 
charactariatlcs  of  deformable  ramp,  variable  area,  flush /•**!- flush  water jet  Inlet 


Figure  22  - Shapes  of  a Deformable-Ramp,  Variable-Area  Flush  Inlet  for 


SES  Application  (From  Etter  and  Stark  (1976)) 


Horizontal  Length,  Inches 


Figure  23  - Measured  Effect  of  IVE  Rasp  Pressure  Destrlbutlona  for  Top 
Speed  Ramp  (From  Etter  and  Stark  (1976)) 
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configurations  principally  for  Installation  in  tha  aldahulls  of  high  spaad  SESa.  For 
example,  Etter  and  Stark  (1976)  hava  praaantad  inlat  parforaanca  data  from  watar 
channel  tasta  for  the  backfit  water Jet  ay a tea  installed  on  tha  SES  100A.  Various  raap 
shapes  for  selected  speeds  throughout  the  speed  range  are  shown  in  Figure  22.  Static 
pressure  distributions  on  the  raap  surface  for  the  top  speed  shape  are  plotted  in 
Figure  23,  with  contours  of  inlet  velocity  ratio.  The  distinct  dip  in  pressure 
coefficient  near  the  lip  leading  edge  starts  to  show  up  at  about  IVR  - 0.82  and 
steadily  with  increasing  IVR.  Example  plots  of  inlet  external  drag  coefficient  and 
energy  recovery  factors  for  the  top  speed  raap  shape  are  reproduced  in  Figures  24  and 
25,  respectively.  The  external  drag  coefficient  Includes  pressure  end  friction  drag  on 


Figure  24  - Inlet  External  Drag  Coefficient  versus  IVR  for  Modified  Top 

Speed  Raap  of  Inlet  in  Figure  22  (Froa  Etter  and  Stark  (1976)) 


Figure  25  - Energy  Recovery  versus  IVR  for  Top  Speed  Reap  of  Inlet  in 
Figure  22  (Froa  Etter  and  Stark  (1976)) 

the  external  portions  of  the  inlet,  outside  of  the  baseline.  The  Influence,  in  this 
case,  of  the  spray  rail  on  the  is  a simple  example  of  hull-propulsor  interaction. 

As  noted  earlier,  the  total  energ^  recovery  is  related  to  the  total  Internal  losses 
from  all  sources.  It  has  been  divided  into  two  parts  along  the 

the  length  of  the  inlet:  from  the  raap  tangency  point  to  the  lip  leading  edge,  and 
froa  the  lip  to  the  diffuser  outlet  plane.  Xt  la  clear  that  the  main  contribution  to 
energy  loss  coaes  froa  diffusion  and  flow  turning  occur ing  downstream  of  the  lip.  Mote 
that  the  effects  of  the  small  pitch  and  yaw  changes  on  energy  recovery  appear  to  be 
small,  but  meaaureable. 


Similar  performance  data  to  Reference  35  haa  been  generated  by  Poquette , et  al 
(1976)  for  a flush-mounted  waterjet  lnlet-dlffuser  system  designed  for  the  large  SES 
project. 

A considerable  amount  of  waterjet  performance  data  haa  been  collected  from 
experiments  with  the  SES  testcraft  XR-1B  fitted  with  semi-flush  inlets,  and  has  been 
reported  on  by  Burke,  et  al  (1972).  Included  are  ramp  and  lip  pressure  distributions, 
loss  factors,  boundary  layer  profiles.  Internal  duct  velocity  and  pressure  contours. 

The  Rohr  Industries  Summary  Report  on  waterjet  Inlets  (1976  ) for  the  large  SES 
Is  a major  assemblage  of  data  on  the  drag.  Internal  loss,  and  cavitation  limit 
performance  for  a semi-flush  waterjet  system  employing  a flexible  ramp  roof, 
variable-area  geometry.  Data  for  a droop  lip  arrangement  Is  also  Included. 

Planing  Hulls.  As  regards  performance  characteristics  of  flush  Inlets  for  use  In 
planing  hull  propulsion,  the  known  experimental  programs  have  been  carried  out  on  a 
completely  different  scale  than  for  the  SES  applications.  Considerably  less  detailed 
Information  Is  available  on  waterjet  systems  for  planing  craft,  but  the  applications  In 
the  sport  boat  field  are  widespread  (see  Hart  (1975)) . 

In  general,  the  requirements  are  different  than  those  for  a SES  application.  The 
speed  range  Is  lower  and  therefore  the  design  i /itation  number  Is  larger.  Limits  on 
geometry  Imposed  by  cavitation  Inception  become  less  important  than  flow  separation 
limits.  Fixed  area  inlets  are  the  rule  rather  than  the  exception.  Also,  the  hull  trim 
angle  excursions  expected  during  operation  are  very  much  larger  than  those  allowed  for 
SES  hulls,  and  from  the  point  of  view  of  Interactions  may  play  a more  noticeable  role 
In  the  variation  of  energy  recovery. 

Alder  (1976)  has  reported  on  a full  scale  experiment  with  a 31  foot,  12,600  pound 
planing  boat.  The  tests  concentrated  on  the  Internal  velocity  and  static  pressure 
profiles  along  two  vertical  paths  In  the  duct  just  ahead  of  the  pimip  Impeller.  Figure 
26  Illustrates  a typical  finding  for  the  velocities  and  shows  the  marked  tendency  for 
upper  surface  separation  at  the  higher  craft  speeds. 

Purnell  (1976)  has  examined  possible  benefits  for  planing  boat  propulsion  using 
very  wide  flush  Inlets  to  ingest  more  boundary  layer  flow  than  is  possible  with 
narrower  Inlets.  This  could  be  a positive  exploitation  of  a propulsion  Interaction 
effect.  The  complexities  of  the  interaction  are  subtle.  Although  there  are  clear 
gains  to  be  achieved  by  drawing  in  slower  moving  fluid  for  the  thrust  capability,  the 
non-uniformities  of  the  velocity  field  have  a way  of  aggravating  Internal  losses 
farther  downstream,  especially  when  combined  with  flow  diffusion. 

Towing  basin  experiments  have  been  performed  with  a model  planing  boat  (DTNSRDC 
Model  No.  5222)  free  to  heave  and  trim,  and  fitted  with  two  different  aspect  ratio 
flush  inlets  of  wldth-to-height  equal  to  1.0  and  3.1B7.  The  design  Inlet  velocity 
ratio  was  accurately  modeled,  but  the  nozzles  were  designed  such  that  self-propulsion 
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Figure  26  - Measured  Velocity  Distributions  Across  Duct  In  a Jacuzzi 

Waterjet  Pump  Installed  In  a Planing  Boat  (From  Alder  (1976)) 

thrust  was  not  achieved.  Some  preliminary  results  were  reported  by  Ellis  (1976). 
Figure  27  reproduced  from  that  reference  shows  example  trim  and  horizontal  force  (model 
drag  plus  jet  thrust)  for  three  cases:  bare  hull,  model  with  narrow  Inlet,  model  with 
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Figure  27  - Trim  and  Net  Drag  Performance  of  a Planing  Boat  Model  versus 
Speed  (From  Ellis  (1976)) 


wide  Inlet.  The  curves  ere  for  seeled  flow  retee  thet  mstch  the  known  prototype  flow 
retes  needed  to  echleve  self-propulsion.  It  is  seen  thet  the  trin  ie  elweys  greeter 
for  the  weterjet-lnetelled  cases.  The  nodel  evidently  experienced  e positive  edded 
dreg  et  low  speeds,  end  e negetive  edded  dreg  st  speeds  shove  12  knots.  Just  how  ell 
the  lnterectlon  effects  fit  together  to  give  thle  result  is  not  cleer.  Added  on-boerd 
weight  (not  Included  in  the  stetlc  trin)  seted  to  lncreese  the  trin  over  the  here  hull 
velues.  Pressure  distributions  induced  by  the  operetlng  inlet  elso  contribute  to  the 
trin  chenges.  It  wes  anticipated  thet  the  expected  lsrger  suction  pressures  on  the 
ramp  roof  at  higher  IVRs  (lower  forward  speed)  would  have  acted  to  provide  e negetive 
added  drag  in  the  low  speed  range. 

Interesting  towing  basin  experiments  to  determine  the  external  dreg  end  internal 
head  loss  for  flush  inlet  systems  have  been  described  by  Grinpress  end  Mavlyudov 
(1968).  who  used  an  instrumental  towing  sled  pictured  in  Figure  28.  Tare  drag  values 


Figure  28  - Schematic  of  Towed  Sled  Arrangement  for  Testing  Waterjet 
Propulsion  Systems  (From  Grinpress  and  Mavlyudov  (1968)) 


D_  were  obtained  with  the  inlet  closed  off 
tare 


The  drag  increment  due  to  the  operating 

waterjet  was  obtained  at  each  forward  speed  and  pump  RPM  using 

AD  - T - (D  - D.  ) 

1 meas  tare 

with  the  waterjet  thrust  computed  using  T « pQ(Vj  - UQ) . For  the  planing  boat  flush 
inlet  pictured  in  Figure  29a,  tests  were  conducted  with  the  flat  bottom  of  the  towing 


Figure  29a-  Waterjet  Inlet  for  a 
Planing  Motorboat 


Figure  29b-  Measured  Coefficients  of  Internal 
Loss  and  Added  Drag  for  the 
Waterjet  Inlet  of  Figure  29a  (From 


4 MnvAafl  and  Mavl 


•led  held  fixed  et  S degrees,  at  speeds  of  V >0,  1,  2,  3,  and  4 meters /second. 
Coefficients  of  the  total  head  loss  Ah  measured  at  the  Impeller  plane  and  the  Inlet 
added  drag  AD. are  shown  in  Figure  29b,  plotted  versus  V /U  , where  V ■ Internal  flow 

X 0 O 0 

velocity  at  the  Impeller  plane.  Here  the  head  loss  coefficient  and  added  drag 
coefficient  are  defined  as 

C - Ah/(U*/2g) 

Cx  - ADi/JSPD^(irDj/4) 

where  “ diameter  of  ptap  Impeller.  The  internal  head  losa  coefficients  display 
little  speed  dependence,  and  saem  to  collapse  fairly  well  onto  one  curve.  However, 
there  seems  to  be  a distinct  Froude  number  effect  on  the  inlet  added  drag  coefficients. 
Unfortunately  there  is  no  Information  available  on  the  width  or  wetted  length  of  the 
towing  sled. 

Other.  Some  efforts  have  been  made  to  organize  existing  performance  data  for  the 
purpose  of  demonstrating  particular  applications.  The  preliminary  design  study  of 
Manlns  (1970)  explored  the  possibility  of  flush  Inlet  water jet  propulsion  of  a 
destroyer. 

A review  paper  by  Kruppa,  et  al  (1968)  presented  among  other  things  some  Internal 
loss  performance  data  obtained  with  a small  scale  planing  scoop  Inlet. 

Comments  and  Recommendations 

O There  Is  a need  for  more  verification  experiments  and/or  analysis  on  pod-strut 
inlet  designs,  covering  both  the  fixed  area  and  variable  area  types,  with  a view 
toward  careful  decomposition  of  the  inlet  external  drag  and  internal  losses. 

o Numerous  Interaction  problems  Involving  pod-strut  inlets  need  exploration.  For 
example,  the  pressure  variations  exerted  on  a nearby  boundary  (hull  shape)  by  an 
operating  pod- inlet  have  never  been  measured.  No  published  data  seems  to  be 
available  on  pod  inlet  effects  on  the  hydrodynamic  performance  of  nearby 
foil-strut  arrangements.  Influence  of  yaw  and  pitch  angles  on  the  performance  of 
pod-strut  inlets  mounted  near  a hull  have  not  been  Investigated. 

O Further  towing  basin  experiments  should  be  conducted  on  the  details  of 

propulsive  performance  of  flush  inlets  mounted  in  planing  hulls.  Important 
problems  to  be  considered  Include  the  effects  of  angle  of  attack  (trim), 
ingestion  of  air  bubbles,  and  the  complex  interactions  created  by  the 
IVR-dependent  pressure  distributions  acting  near  the  operating  inlet. 

O An  experiment  on  waterjet  propulsion  of  a high  speed  displacement  ship  should  be 
considered,  with  the  jet  discharge  located  underwater  within  the  hull  wake. 
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5.  AIR  PROPULSORS  FOR  AIR  CUSHION  CRAFT 


This  section  is  concerned  with  Interaction  aspects  of  air  propulsor  devices 

f t 

applied  to  high  performance  air  cushion  craft  such  as  fully  skirted  air  cushion 
vehicles  (ACV)  and  wlng-ln-ground-effect  (W1GE)  craft.  There  are  possibilities  of 
employing  air  propulaora  on  other  marine  craft,  such  as  on  small  planing  boats  or 
hydrofoils,  but  these  are  usually  not  regarded  as  practical  alternatives  for  large 
vehicles  because  of  the  high  thrust  levels  and  large  propulsor  diameters  required. 

A variety  of  air  propulsion  schemes  have  been  developed  or  suggested  Including: 
free  screw  propellers,  shrouded  screw  propellers,  ducted  fans,  air  Jets,  gas  turbine 
jets,  and  cushion  bleeding.  Mantle  (1975)  has  provided  perhaps  the  most  comprehensive 
review  of  the  technology,  references,  and  outline  of  basic  estimating  formulas  applied 
I j to  air  cushion  craft  propulsion. 

For  an  ACV,  the  general  propulsor-hull  arrangement  usually  consists  of  a free  or 
shrouded  air  screw  operating  alongside  of,  or. near  the  end  of,  and  sometimes  behind  a 
box-like  body. 

For  many  VICE  arrangements  the  air  propulsors  are  positioned  much  as  they  would 
be  on  an  airplane,  usually  on  nacelles,  with  generous  clearances  away  from  wings  and 
tails , and  operating  in  a tractor  mode.  For  the  case  of  a power-augmented  ram  wing 
arrangement,  the  propeller  slipstreams  play  a crucial  role  In  providing  augmented  lift 
as  well  as  sufficient  propulsive  thrust. 

Propellers  Near  Bodies 

Surprisingly  little  is  available  in  the  aeronautical  literature  specifically  on 
the  mutual  Interference  between  a propeller  (either  free  or  shrouded)  and  a nearby 
hull.  It  Is  fair  to  state  that  this  subject  has  attracted  very  little  attention  simply 
because  the  effects  are  small  by  design  and  by  arrangement  In  most  airplane  geometries . 

Physically,  Interactions  can  arise  from  three  main  sources:  (1)  non-uniform  flow 
due  to  the  hull  boundary  layer  and/or  wake,  (11)  asymmetrical  thrust-induced  flow 
through  the  propulsor  disk  due  to  the  presence  of  a nearby  boundary  and  (111) 
non-uniform  flow  through  the  propeller  disk  caused  by  the  displacement  velocity  field 
about  the  body.  No  Information  on  the  first  item  could  be  located,  relevant  to  the 
geometries  of  ACVs. 

Regarding  item  (11),  the  results  of  experiments  of  Trebble  (1968^)  are  helpful. 
Wind  tunnel  tests  of  a 1.6-foot  diameter,  4-bladed  free  propeller  mounted  on  4.3-inch 
diameter  nacelle  were  performed  with  the  propeller  positioned  next  to  a flat  wall 
parallel  to  the  rotation  axis.  The  propeller  could  be  placed  near  a flush-mounted 
circular  Intake  having  radlused  lips.  Figure  30,  reproduced  from  Trebble  (1968^) , 
shows  the  coefficients  of  power  absorbed  and  thrust  produced  by  the  propeller,  plotted 
versus  advance  ratio,  at  four  different  blade  angle  settings.  Three  cases  are 
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Figure  30  - Power  end  Thrust  Performance  of  a Single  Propeller  Near  a 
Flat  Wall  (From  Trebble  (1968^)) 

displayed:  one  Is  essentially  an  open  air  result,  with  the  inlet  closed  and  the 
propeller  mounted  at  the  tunnel  centerline  well  away  from  the  wall  (h/d  *■  2.155);  and 
two  cases  are  for  small  tip  clearance,  h/d  " 0.089,  with  and  without  the  Intake  open. 

It  can  be  seen  from  the  plots  for  the  two  cases  of  intake  closed  that  the  presence  of 
the  nearby  wall  causes  a slight  decrease  In  thrust  and  increase  In  power,  exaggerated 
by  low  J-values.  With  the  Intake  open  and  Ingesting  air,  the  thrust  level  Is 
increased,  and  the  power  Is  Increased  further.  It  is  interesting  to  note  that  this 
geometry  Is  rather  similar  to  the  propulsor-lntake  arrangement  of  the  British 
Hovercraft  Corp.  ACV,  the  BH  7.  Mk  5,  for  example. 

In  connection  with  Item  (ill),  potential  flow  calculations  could  be  Implemented 
to  determine  the  body- Induced  velocities  through  a propeller  disk  location.  As  far  as 
Is  known,  no  such  calculations  have  been  performed  for  ACV  shapes.  Seme  work  exists  on 
approximate  computation  of  velocity  fields  Induced  by  narrow  fuselages,  nacelles,  etc. 
The  slender  body  formulation  developed  for  such  a purpose  by  Yaggy  (1951)  was  employed, 
for  example,  by  Rogallo  (1952). 

A wind  tunnel  test  of  the  free  propeller-driven  air  cushion  vehicle  CC  - 2 was 
reported  on  by  Trebble  (1968^) . The  data  Includes  bare  hull  drag  versus  speed  (with 
and  without  air  cushion)  and  the  installed  propeller  thrust  and  power  performance. 
Without  open  air  propeller  performance,  this  very  interesting  work  unfortunately  cannot 
be  used  to  obtain  detailed  propulsive  Interactions. 
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Air  Jets 


An  attractive  (lea a axpanalva  and  qulatar)  alternative  to  propeller  propulalon 
for  an  ACV  la  an  air  jat  scheme  where  ambient  air  la  drawn  Into  a centrifugal  fan  and 
ducted  to  a nozzle  directed  downatreaa.  The  aketch  In  Figure  31  llluatratea  the 


Figure  31  - Air  Jet  Propulalon  for  an  ACV  (From  Mantle  (1975)) 


arrangement . Mantle  (1975)  haa  presented  simple  estimating  formulas  for  performance, 
but  Includes  no  detailed  Information  on  geometry-dependent  Interaction  problems. 

The  resemblance  between  the  air  jet  arrangement  and  water jet  flush  inlets  la 
sufficient  to  suppose  that  the  same  system  of  water jet  performance  parameters  described 
earlier  could  apply  equally  wall.  The  difference  la  that  leas  Information  la  available 
for  the  geometries  typical  of  the  air  jet  systems. 

The  Intake  geometry,  characterised  by  Its  added  drag  and  internal  loss  la  one  ' 
major  source  of  Interaction  problems.  High  ram  recovery  and  good  flow  quality  (minim* 
non-uniformity)  are  clearly  daslrable.  Improvements  in  air  jet  lntakee  can  be  derived 
from  advances  being  made  with  cushion  air  Intakes  such  as  are  discussed  by  Wheeler 
(1976).  Some  detailed  performance  data  are  available  In  the  aeronautical  literature 
under  the  topic  heading  of  fan-ln-body  aerodynamics.  For  example,  ram  recovery 
properties  and  lip  pressure  distributions  for  a circular  Intake  hole  Imbedded  in 'an 
airplane  body  have  been  studied  experimentally  by  Aoyagl,  Hickey,  and  de  Savigny 
(1961).  The  effects  of  a wide  range  of  lngeeted  air  flow  rates,  body  angle  of  attack, 
and  a lip-mounted  turning  vane  are  Included.  Some  useful  general  data  on  flush  or 
recessed  normal  Intakes  are  given  by  Hoerner  (1965). 


Tawed  Propellers  (Isolated) 


In  a narrow  sense  the  changee  in  the  net  thrust  delivered  by  a propeller  in  yaw 
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are  part  of  the  subject  of  interaction.  In  the  broadest  sense,  all  the  forces  and 
now ante  arising  fro*  a non-aligned  propulaor  belong  to  the  subject  of  Interaction. 

A considerable  amount  of  Information  exists  on  isolated  free  and  shrouded 
propellers  in  yaw.  Example  references  on  performance  of  yawed  free  propellers  are: 
McLemore  and  Cannon  (1954) , Yaggy  and  Rogallo  (1960) , Crlgler  and  Oilman  (1952) , and 
Wlckens  (1966). 

Example  references  on  shrouded  propellers  in  yaw  are:  Grunwald  and  Goodson 
(1962),  Greenberg,  Ordway,  and  Lo  (1965),  and  Lazareff  (1968).  The  review  paper  by 
Welsslnger  and  Maass  (1968)  serves  as  a source  of  general  information  and  references  on 
shrouded  propellers. 

Tandem  Propellers 

To  deliver  the  required  thrust  for  a large  ACV,  it  has  sometimes  been  necessary 
to  use  tandem  arrangements  of  propellers.  The  existing  British  SR.N4  ACV,  for  example, 
has  two  pairs  of  tandem  propellers. 

Even  with  several  propeller  diameter  spacings  between  propellers,  the  tandem 

airscrew  configuration  exhibits  an  important  interaction  due  to  the  slipstream  produced 

by  the  forward  propeller  passing  into  the  after  propeller.  An  experimental  study  of 

tandem  free  propellers  mounted  near  a flat  boundary  was  reported  on  by  Trebble  (1968  ). 

a 

In  addition  to  considering  the  influence  of  two  different  distances  between  the  in-line 
propellers,  the  data  Includes  the  effect  of  air  Ingested  through  a circular, 
flush-mounted  intake  located  at  several  distances  upstream  of  the  aft  propeller. 

Typical  results  of  this  experiment  are  displayed  in  Figure  32,  which  shows  the 
coefficients  of  power  absorbed  and  thrust  plotted  versus  advance  ratio  for  the  aft 
propeller  spaced  3.475  diameters  behind  the  forward  propeller.  Direct  comparison 
between  the  curves  for  blade  angle  6 " 17  degrees  is  possible  from  this  plot,  and 
indicates  the  large  loss  of  thrust  and  power,  especially  at  low  J.  Evidently  the  more 
forward  position  of  the  Intake  is  better  for  reducing  (slightly)  the  effect  of  the 
impinging  slipstream. 

Shank  (1973)  has  analyzed  the  same  basic  tandem  screw  geometry  (without  the 
effects  of  the  Intake  and  the  nearby  wall)  using  actuator  disk  theory,  following 
classic  work  on  tandem  propellers  by  Glauert  (1935). 

WIGEs  and  Augmented  Ram  Wing 

Usual  arrangements  of  propellers  on  WIGEs  resemble  airplane  geometries.  The 
expected  propeller-wing  interactions  can  be  treated  by  methods  outlined  in  the  classic 
references  on  propeller  Interference.  These  Include:  Glauert  (1935),  Konlng  (1935), 
and  the  survey  article  by  Ferrari  (1957).  Weinig’s  (1947)  book  on  aerodynamics  of 
propellers  contains  several  sections  on  interference  problems,  such  as  finding  the  flow 
angularity  caused  by  fuselage-like  bodies. 
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Figure  32  - Power  and  Thrust  Performance  of  the  Aft  propeller  of  Tandem 


Pair  Near  a Flat  Wall 
(From  Trebble  (1968 #)) 

The  power-augmented  ram  wing,  such  as  Is  pictured  In  Figure  33  Is  a type  of 
ground-effect  aircraft  that  features  a propulsion  system  mounted  forward  of  and 
exhausting  under  the  wing.  This  arrangement  Is  capable  of  generating  augmented 
under- the-wlng  pressures  that  produce  wing  lift  even  at  zero  forward  speed.  A useful 
thrust  Is  also  produced.  Experimental  work  with  the  Jet-augmented  VICE  model  shown  In 
the  figure  was  reported  on  by  Huffman  and  Jackson  (1974)  for  operation  only  at  zero 
forward  speed.  Figure  34  shows  that  there  Is  a net  axial  thrust  experienced  by  the 
wing  when  the  jet  streams  are  directed  under  the  wing  with  total  thrust  Cy  - .0111. 
Here,  Is  the  total  thrust  coefficient  of  the  nozsles  based  on  wing  planform  area, 

Is  the  Induced  axial  drag  force  coefficient,  d^is  the  jet  deflection  angle  with  respect 
to  the  longitudinal  axis,  is  the  normal  force  coefficient,  and  h/c  and  hf/c  are 
Identified  In  the  sketch  of  Figure  34. 

Analyses  by  Galllngton  (1976)  and  Galllngton  and  Chaplin  (1976)  have  shown  that 
the  size  of  the  Incoming  jet  Is  very  Important  to  achieving  high  pressures  under  the 
wing,  with  the  optimum  arrangement  being  one  where  the  jet  exhaust  height  la  about 
equal  to  the  height  of  the  wing  from  the  ground  plane.  A summary  of  work  on  the  wide  , 
jet  power-augmented  WZGE  was  given  by  Galllngton,  et  al  (1976). 


Figure  34 


I 

_ N«t  Horizontal  end  Normal  Force  Perforaance  of  Powered  Static 
Air-Cushion  Syetsa  (Proa  Huffasn  end  Jeckson  (1974)) 


Coaaenta  sad  Recoaaendetlone 


Experiments  with  tendea  errengeaents  of  shrouded  propellers  near  a wall  would  be 
a valuable  addition  to  the  data  base  for  ACV  propulsion 

Propulsion  perfomsnca  for  free  and  shrouded  propellers  operating  behind  blunt 
bodies  should  be  accoapaaied  by  induced  drag  force  and  surface  pressure 
distribution  data 

Interaction  experiaente  with  free  and  shrouded  propellers  operating  near  a blunt 
body  at  a yaw  and  pitch  would  be  useful  for  propulsion  sad  control 

predictions  for  ACVs.  
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Figure  33  - Model  of  Power  Augaented  Rea  Wing  (Froa  Huffman  and 
Jackson  (1974)) 
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WATERJET  PROPULSOR  THRUST  MEASUREMENT 
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ABSTRACT 

An  experimental  study  was  conducted  of  the  hydrodynamic  characteristics  of  reaction 
thrust  elbows  used  for  determination  of  waterjet  propulsor  gross  thrust.  Apparatus  was 
developed  to  accurately  measure  the  error  of  a thrust  elbow.  The  Influence  of  tailpipe 
length,  diameter,  configuration  and  jet  characteristics  on  reaction  elbow  thrust  error 
was  evaluated.  Three  reaction  elbow  configuration  options  were  developed  from  which 
resulting  thrust  values  were  accurate  within  1/2%. 

INTRODUCTION 

Propulsor  thrust  Is  an  important  parameter  controlling  advanced  ship  performance 
and  It  Is  desirable  that  thrust  uncertainties  be  minimized.  Significant  thrust  uncer- 
tainties have  been  associated  with  performance  measurements  on  large  Installed  propul - 
sors,  particularly  waterjet  propulsors  with  a close-coupled  pump  and  nozzle.  Test 
stand  calibration  problems  usually  are  the  source  of  installed  ship  thrust  error.  If 
these  errors  are  compensated  by  applying  large  thrust  margins  for  future  designs,  excess 
propulsion  system  cost  may  result.  An  accurate  and  reliable  method  to  determine  water- 
jet propulsion  gross  thrust  in  a test  stand  Is  needed  to  reduce  uncertainty  In  propulsor 
thrust. 

The  reaction  thrust  elbow  Is  a good  candidate  for  waterjet  thrust  measurement  on  a 
test  stand  because  of  the  simplicity  of  measurement  and  the  directness  of  data  transfor- 
mation Into  thrust.  In  its  simplest  form,  the  jet  exit  flow  is  turned  90°  with  respect 
to  the  nozzle  jet  exit  axis.  A typical  reaction  elbow  test  setup  Is  shown  In  Figure  1. 
The  gross  thrust  produced  by  the  propulsor  Is  calculated  simply  using  the  horizontal 
component  of  the  momentum  equation,  (for  example.  Ref.  1): 
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or 


1 F * ’/Vx" 


Sum  of  External 
forces  acting  on 
control  volume 
In  x-dlrectlon  d 


Net  outflow  of 
momentum  from 
control  volume 
k In  x-dlrectlon 


If  the  flexure  system  is  aligned  properly  and  the  load  cell  axis  is  horizontal, 
then  the  only  external  horizontal  force  on  the  control  volume  Is  the  load  cell  connec- 
tion. Horizontal  and  vertical  forces  may  be  applied  to  the  thrust  elbow  and  the  load 
cell  calibrated  to  correct  for  small  misalignment  and  slight  errors  due  to  deflection. 
The  gross  horizontal  thrust  produced  is  equal  to  the  load  cell  reading  corrected  for 
misalignment  and  jet  deflection.  Details  of  the  Internal  flow,  such  as  cavitation  and 
energy  losses,  are  not  required,  since  the  reaction  force  analysis  is  developed  from 
the  fluid  momentum  change.  The  only  requirement  for  a reaction  elbow  Is  that  the 
average  exit  component  of  the  fluid  momentum  be  turned  normal  to  the  jet  exit  and  that 
after  turning,  the  component  parallel  to  the  nozzle  flow,  be  negligibly  small. 

Errors  associated  with  reaction  elbows  stem  mainly  from  failure  to  achieve  the 
desired  exit  flow  alignment.  Since  the  function  of  the  tailpipe  leg  Is  to  produce 
uniform  parallel  exit  flow,  the  question  arises  as  to  how  long  the  exit  leg  must  be  to 
ensure  that  this  condition  Is  met,  (l.e.  to  ensure  an  adequate  stralghtener  length- 
diameter  ratio).  A small  angular  error  In  the  jet  exit  angle,  for  example,  produces 
a relatively  large  thrust  error.  (A  one  degree  angle  error  gives  about  a two  percent 
thrust  error). 

A series  of  tests  were  performed  to  Identify  the  elbow  geometry  required  to  ensure 
accurate  thrust  values.  The  test  results  gave  a direct  measurement  of  thrust  elbow 
error.  A large  number  of  configurations  were  tested  to  determine  the  thrust  elbow 
geometry  sensitivity  over  a wide  range  of  total  pressures  (20  to  250  pslg).  Cavitation 
number  and  Froude  number  typical  of  full  scale  waterjets  were  simulated.  The  highest 
Reynolds  number  was,  however,  about  an  order  of  magnitude  less  than  experienced  full 
scale.  The  test  was  intended  to  simulate  the  elbow  error  encountered  In  testing  full 
scale.  The  dominant  features  In  simulating  full  scale  effects  were  judged  to  be  the 
Inertial  forces  and  the  Internal  cavitation  flow  pattern.  Viscous  (Reynold's  number), 
gravitational  (Froude  number)  and  surface  tension  (Weber  number)  force  effects  were 
expected  to  be  secondary  In  determining  the  exit  flow  pattern.  This  assianptlon  was 
evaluated  experimentally  be  testing  over  a range  of  Froude,  Reynolds,  and  Weber  ni*bers. 
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[ LOAD  CELL  1 

= I THRUST  ELBOW  ERROR  l 

[ FORCE  J 

l J 

EXPERIMENTAL  APPROACH 

Accurate  determination  of  thrust  error  for  the  models  tested  was  accomplished  by 
directly  measuring  the  nozzle  thrust  minus  the  elbow  reaction  force  with  the  nozzle  and 
reaction  elbow  physically  connected  together  and  mounted  as  a unit  on  a balance  system. 
To  determine  the  baseline  thrust  for  each  test  configuration  and  nozzle  total  pressure, 
a preliminary  nozzle  thrust  calibration  was  performed.  A schematic  diagram  of  the  test 
setup  Is  shown  In  Figure  2-a  for  the  preliminary  nozzle  thrust  calibration  (T  determina- 
tion) and  Figure  2-b  for  the  basic  error  determination  (T  determination).  Application 
of  the  horizontal  component  of  the  momentum  equation  to  Figure  2-b  gives  a measurement 
of  the  difference  between  the  horizontal  component  of  the  waterjet  gross  thrust  and  the 
elbow  reaction  force,  which  Is  a direct  Indication  of  the  thrust  elbow  error. 


p QV  s1n(ec) 
W exit  b 


Dividing  by  the  nozzle  thrust  provides  the  percent  thrust  elbow  error: 

* Th^.ct  n Knu  - LOAD  CELL  READING  (WITH  ELBOW) 

% Thrust  Elbow  Error  - LEAD  CELL  READING  (NO  ELBOW)  {100) 

Application  of  the  momentum  equation  In  the  vertical  direction  shows  the  vertical 
reaction  force  felt  by  the  elbow  support  Is  nearly  the  same  magnitude  as  the  horizontal 
reaction  force,  thus  care  must  be  exercised  to  ensure  that  the  load  cell  support  link 
and  other  support  structures  have  the  correct  angular  orientation. 

The  accuracy  with  which  the  thrust  elbow  error  can  be  determined  using  the  techni- 
que of  Figure  2-b  was  evaluated  by  considering  a thrust  elbow  Installation  with  a 
measured  thrust  elbow  error  of  2 pounds,  and  a nozzle  thrust  equal  to  200  pounds  (from 
pretest  calibration).  If  nozzle  thrust  Is  known  within  + 4 pounds  and  the  error 
(thrust- reaction)  is  + 0.04  pounds  so  that 

Is.  x 100  ■ IwTfa  °T)bsS  <»■'=  <>•«• 


an  uncertainty  of  0.04  percent.  A more  conventional  method,  where  the  thrust  and 
reaction  force  are  measured  separately  with  the  same  Instrumentation  accuracy,  gives: 


'c  x 100 


THRUST  - REACTION  FORCE 

THRUST x 100 


- (200  - |198  i 4) 


x 100 


■ 1 ± 4, 

an  uncertainty  of  4 percent.  The  thrust  elbow  error  determination  method  of  Figure  4-2-b 
Is  approximately  100  times  more  accurate  than  separately  measuring  reaction  and  thrust 
forces,  and  was  therefore  used  In  this  stud y. 
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EXPERIMENTAL  TEST  DESCRIPTION 


The  basic  thrust  stand  setup,  Including  flexures,  load  cell  connection,  stagnation 
chamber  and  support  structure  ms  used  previously  for  waterjet  thrust  augmentation 
studies  and  Is  described  In  detail  In  Reference  2.  The  Mater  supply  available  from  the 
pumping  supply  system  had  the  capability  of  pumping  250  GPM  at  300  pslg  to  the  test 
stand  apparatus  with  the  existing  supply  lines.  Hydrodynamic  error  of  each  thrust 
configuration  was  obtained  by  measurement  of  the  nozzle  thrust  minus  the  elbow  reaction 
force,  using  a sensitive  horizontal  load  cell.  (0  to  25  lbs).  The  total  pressure  In 
the  stagnation  chamber  was  measured  by  two  Independent  means:  a 0 to  300  pslg  dial 
gauge  and  a 0 to  300  pslg  transducer.  Ourlng  portions  of  the  test,  a high  frequency 
response  transducer  and  recorder  were  added  to  determine  total  pressure  variations 
under  several  operating  conditions.  The  water  flow  rate  was  measured  by  a 0 to  250  gpm 
rotating  type  flow  meter  (Potter  meter)  Installed  In  the  upstream  line.  The  nozzle 
used  In  the  basic  test  series  was  modeled  after  the  JETFOIL  propulsor  pump/nozzle  geo- 
metry with  a center  pintle.  A recorder  with  paper  tape  printout  was  used  to  record 
digital  data  for  each  flow  condition  over  about  a 30  second  period  after  the  flow  had 
stabilized. 

Three  basic  thrust  elbow  configurations  were  tested  with  variations  made  on  each 
of  the  three  basic  configurations.  The  configurations  tested  were: 


a)  a simple  90°  elbow 

b)  A 90°  elbow  with  a stralghtener  section,  and 

c)  a 90 P double  flow  elbow 


The  test  was  conducted  In  two  phases.  The  first  test  phase  consisted  of  obtaining 
thrust  error  data  for  the  three  basic  configurations  with  varying  elbow  tailpipe  length 
and  nozzle  total  pressure.  The  tailpipe  length  was  varied  for  each  configuration  by 
cutting  off  the  tailpipe  leg.  The  second  phase  consisted  of  determining  the  sensitivity 
of  the  three  configurations  to  variations  In  the  waterjet  characteristics.  Five  varia- 
tions In  the  jet  character  were  Introduced,  and  thrust  elbow  error  sensitivity  to  these 
variations  was  measured  for  each  of  three  configurations  over  a range  of  jet  total 
pressure  from  20  to  250  pslg.  The  five  variations  tested  were: 

a)  jet  swirl 

b)  jet  offset 

c)  total  pressure  fluctuations 

d)  jet  velocity  profile,  and 

e)  jet  alignment 


EXPERIMENTAL  RESULTS 

A summary  of  typical  experimental  results  Is  shown  In  Figure  3 In  the  form  of 
thrust  elbow  error  (j^)  versus  the  tailpipe  length/diameter  ratio.  The  symbols  Indicate 
average  values  of  the  error  data  for  5 to  10  data  points  taken  over  a range  from  20  to 
250  pslg  nozzle  total  pressure.  The  reaction  force  error  for  each  of  the  cases  shown 
Is  dependent  upon  the  average  elbow  exit  flow  angle.  Positive  errors  Indicate  under- 
turning of  the  flow,  while  negative  errors  Indicate  overturning  (back  towards  nozzle). 
Figure  4 shows  results  typical  of  those  obtained  during  the  portion  of  the  test  In- 
vestigating the  sensitivity  of  the  results  to  jet  characteristics.  Based  on  these  and 
other  data,  a specific  choice  of  length  and  diameter  was  made  for  each  of  the  three 
thrust  elbow  configurations  for  which  the  average  thrust  elbow  reaction  force  error 
was  less  than  1/2%.  (Reference  3).  These  three  configuration  choices  are  given  In 
Figure  5. 

CONCLUSIONS 

Based  on  the  Investigation  and  results,  It  was  concluded  that  a reaction  thrust 
elbow  system  can  provide  a reliable  method  of  determining  waterjet  propulsor  gross 
thrust.  The  error  associated  with  elbow  exit  flow  misalignment  with  the  elbow  Internal 
surface  Is  less  than  one-half  percent  for  the  three  configuration  options  developed. 

The  most  significant  parameters  Identified  were  the  elbow  tailpipe  angle  In  the  plane 
of  turning  and  the  tailpipe  stralghtener  length/diameter  ratio.  The  test  results  also 
Indicated  that  the  reaction  force  Is  Independent  of  moderate  variations  In  Inlet  jet 
characteristics  (swirl,  offset,  total  pressure fluctuations.  Jet  angle,  and  jet  velocity 
profile).  Significant  potential  error  (1-2%)  was  found  to  be  associated  with  tempera- 
ture stabilization  effects  and  forces  normal  to  the  horizontal  reaction  force.  Special 
procedures  and  corrections  were  used  to  minimize  resulting  error  for  the  laboratory 
test  setup.  These  considerations  may  also  be  necessary  for  full  scale  thrust  measure- 
ments. 
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FIGURE  5 THRUST  ELBOW  CONFIGURATION  OPTIONS  DEVELOPED 
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EXPERIMENTAL  DETERMINATION  OF  PERIODIC  PROPELLER  BLADE  LOADS  IN  A TOWING  TANK 

by 

Robert  J.  Boswell 
Stuart  D.  Jsssup 

David  W.  Taylor  Naval  Ship  Research  and  Development  Center 

ABSTRACT 

The  periodic  loads  were  measured  on  a single  blade  of  a model  propeller  operating 
In  various  circumferentially  nonuniform  flow  fields  in  a towing  tank.  These  flow 
fields  were  generated  by  a single-screw  transom-stern  hull,  upstream  wire-grid 
screens,  and  propeller  shaft  inclination. 

These  experiments  demonstrate  the  value  of  towing  tank  experiments  for  determining 
the  effect  of  various  parameters  on  periodic  propeller  blade  loads.  The  results 
indicate  that  existing  analytical  techniques  are  reasonably  adequate  for  predicting 
periodic  blade  loads  in  axial  wakes  near  design  advance  coefficient;  however,  existing 
analytical  techniques  substantially  underpredict  periodic  blade  loads  in  tangential 
wakes. 

INTRODUCTION 

It  is  well  known  that  the  blades  of  a propeller  operating  in  a circumferen- 
tially nonuniform  wake  pattern  experience  periodic  loading.  It  is  necessary  to 
have  an  accurate  method  for  calculating  these  periodic  loads,  in  order  to  design 
propellers  so  that  they  possess  adequate  strength,  including  consideration  of  fatigue 
stresses.  This  is  especially  critical  for  high-power  controllable-pitch  propellers, 
since  for  these  propellers  the  blade  loads  are  transmitted  through  a complex  and 
space-limited  pitch  changing  mechanism. 

Existing  experimental  data  and  analytical  prediction  techniques  have  been 
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summarized  recently  by  Boswell,  et  al  ' ; therefore,  no  such  summary  will  be  presented 
here. 

In  order  to  obtain  data  by  which  to  validate  analytical  prediction  procedures, 
an  experimental  program  was  undertaken  to  measure  the  six  components  of  loading 
(Figure  1)  on  a model  propeller  operating  in  wakes  generated  by  a single-screw  transom- 
stern  hull,  upstream  wire-grid  screens,  and  propeller  shaft  inclination.  The  ex- 
perimental results  were  correlated  with  predictions  based  on  unsteady  lifting  surface 
theory  as  developed  by  Tsakonas,  et  al3,  and  with  the  quasi-steady  method  of  McCarthy4. 
Th*  results  behind  the  model  hull  were  also  correlated  with  strains  measured  on 
the  corresponding  full-scale  propeller  at  sea. 
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EXPERIMQJTAL  TECHNIQUE 

All  experiments  were  conducted  on  Carriage  I of  the  David  Taylor  Model  Basin. 

For  all  experiments  the  propeller  was  driven  from  downstream.  For  the  measurements 
behind  the  model  hull  the  propeller  was  located  in  its  proper  position  relative 
to  the  model  hull  but  was  isolated  from  the  model  (Figure  2) . 

The  downstream  drive  system  was  necessary  in  order  to  obtain  the  required 
characteristics  of  the  system  for  measuring  unsteady  loading,  i.e.,  isolation  from 
extraneous  vibration,  no  natural  frequencies  near  the  frequencies  of  the  measured 
quantities,  good  sensitivity  and  very  small  interactions. 

The  sensing  elements  consisted  of  strain-gaged  flexures  located  in  the  propeller 
hub.  The  flexures  were  statically  and  dynamically  calibrated  before  and  after 
the  experiments. 

During  the  experiment,  data  were  collected,  stored,  and  analyzed  on-line  using 
a digital  computer.  Data  were  also  stored  on  magnetic  tape  for  later  more  detailed 
analyses. 

The  dynamometry  system,  calibration  procedures,  and  analysis  procedures  have 
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been  described  in  detail  by  Boswell,  et  al  ' ; therefore,  these  details  are  omitted 
here. 


MEASUREMENTS  BEHIND  MODEL  HULL 

Nake  surveys  were  conducted  with  and  without  the  downstream  body  (dynamometer 
boat)  to  determine  the  influence  of  this  body  on  the  distribution  of  the  flow  in 
the  propeller  plane.  These  surveys  (Figure  3 shows  a typical  radius)  indicate 
that  the  downstream  body  has  only  a small  effect  on  the  circumferential  variation 
of  the  f lowj  therefore,  the  downstream  body  should  have  only  a small  effect  on 
the  periodic  blade  loading.  This  was  confirmed  by  comparative  calculations  in 
the  two  wake  patterns  (i.e.,  with  and  without  the  downstream  body)  using  the  pro- 
cedures of  Tsakonas,  et  al^  and  McCarthy4. 

These  wake  surveys  also  indicated  that  for  this  hull  the  circumferential  var- 
iation of  the  tangential  component  of  velocity  is  much  larger  than  the  circumferential 
variation  of  the  axial  component  of  velocity. 

The  periodic  blade  load  measurements  were  made  on  the  model  propeller  shown 
in  Figure  4.  This  propeller  has  the  following  geometric  characteristics:  diameter 
■ 0.23  meters;  number  of  blades  ■ 5;  expanded  area  ratio  - 0.83;  pitch  ratio  at 
0.7  radius  “ 1.06.  For  the  experiments  behind  the  model  hull,  the  propeller  operated 
at  an  advance  coefficient  of  0.8. 

Figure  5 presents  the  variation  of  all  measured  loading  components  (except 
for  radial  force  which  was  small)  with  blade  angular  position.  These  data  indicate 
that  for  all  loading  components  the  extreme  values  occur  near  the  angular  positions 
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foe  which  the  blades  lit  horizontal*,  and  the  variation  la  predominately  a one* 
par  revolution  variation.  This  suggests  that  tha  tangential  component  of  tha  wake 
la  tha  primary  driving  foroa  (aaa  Figure  3). 

Figure  6 presenta  correlation  between  tha  nodal  raaults  and  full  scale  results 
for  banding  nonant  about  tha  blade  nose- tail  line  at  tha  40-percent  radius,  for 
tha  full-scale  data  this  banding  moment  was  deduced  from  strains  measured  on  tha 
surface  of  the  blade  at  the  40-percent  radius.  For  the  model  data  this  bending 
moment  component  was  calculated  from  the  measured  force  and  moment  components  as 
shown  in  Figure  1.  Figure  6 shows  that  the  model  data  and  full  scale  data  give 
approximately  the  same  peak  to  peak  variation. 

Figure  7 presents  correlation  between  the  model  results  and  theoretical  cal- 
culations for  bending  moawnt  about  the  nose- tall  line  at  the  40-percent  radius. 

The  theoretical  calculations  were  made  using  the  method  of  Tsakonas,  at  al3  which 
Is  based  on  unsteady  lifting  surface  theory;  and  using  the  method  of  McCarthy4 
which  is  a quasi-steady  technique  utilising  the  open-water  characteristics  of  the 
propeller. 

This  comparison  indicates  that  the  experimental  periodic  blade  loads  are  con- 
siderably higher  than  the  calculated  values.  This  result  is  in  agreement  with  other 
experimental  results  for  which  the  tangential  wake  is  the  primary  driving  force5'6'7'*; 
however,  reasonably  good  agreement  between  theory  and  experiment  hai  been  obtained 
often  in  the  past  for  cases  in  which  the  primary  driving  force  is  the  axial  wake6'5. 

Opon  evaluation  of  these  results  it  was  hypothesised  that  the  poor  agreement 
for  periodic  blade  loads  in  tangential  wake  patterns  was  due  to  either,  (1)  failure 
of  the  theories  to  properly  represent  the  flow  field,  or  (2)  interaction  between  the 
propeller  and  nearby  solid  boundaries.  Additional  blade  loading  experiments  in 
idealised  flows  were  conducted  to  check  these  hypotheses,  as  described  in  the  following 
section. 


neasorbowts  in  idealised  make  patterns 
Figure  8 shows  the  arrangement  for  experiments  in  idealised  flows.  The  wake 
screen  was  designed  to  produce  a dominantly  once  per  revolution  variation  in  axial 
flow  which  would  produce  approximately  the  same  angle-of-attack  variation  of  the 
blades  as  would  a 10-degree  propeller  shaft  inclination  in  uniform  flow.  Figure  9 
shows  one  typical  radius  of  the  measured  wake  behind  the  screen. 


•Throughout  this  report  the  blade  angular  position,  such  as  in  Figure  5,  is  measur< 
from  the  upward  vertical  position,  positive  clockwise  looking  upstream,  whereas 
the  angular  -os it ion  in  the  wake,  such  as  in  Figure  3,  is  measured  from  the  upward 
vertical  pc  - tion,  positive  oounterclockwise  looking  upstream. 

••Results  obtained  at  DTNSRDC  behind  a twin  screw  transom  stern  configuration  will 
**•  reported  in  the  near  future.  These  unreported  results  agree  with  the  results 
presented  here. 


Measurements  ware  Hd«  on  the  propeller  shown  In  Figure  4 over  a rang*  of 
advance  coefficients  and  a range  of  propeller  to  plate  clearances  behind  the  wake 
screen  at  sero  abaft  inclination,  and  without  the  wake  screen  at  10-degrees  shaft 
inclination. 

The  results  showed  that  for  operation  in  either  axial  or  tangential  wakes 
the  periodic  blade  loads  did  not  change  with  tip  clear anoe  over  the  range  0.2  diaaeter 
to  2.0  diaaeter.  Zt  is  clear,  therefore,  that  interaction  between  the  propeller 
and  a nearby  boundary  is  not  the  cause  of  the  discrepancy  between  theory  and  exper- 
iasnt  in  tangential  wakes. 

Figures  10  and  11  show  seas  typical  results*  behind  the  wake  screen  at  sero 

shaft  inclination,  and  at  10-degrees  shaft  inclination  in  unifora  flow,  respectively. 

The  results  in  the  axial  wake  indicate  satisfactory  agreaaant  between  the  experiaental 
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results  and  the  analytical  calculations  ' for  advance  coefficients  near  design, 
but  at  low  advance  ooefflciente  the  theories  underpredict  the  periodic  loading. 

By  contrast,  for  operation  in  the  tangential  wake  the  analytical  procedures  dramatically 
underpredict  the  unsteady  loading  at  all  advance  coefficients,  although  the  dis- 
crepancy with  experiment  is  greater  at  the  low  advance  coefficients.  At  all  advance 
coefficients  the  theory  is  substantially  closer  to  experiaental  results  in  the 
axial  wake  than  it  is  in  the  tangential  wake.  Bxcept  at  higher  than  design  advance 
coefficients  (low  propeller  time-average  loading) , the  quasi-steady  procedure  of 
McCarthy4  is  in  better  agreement  with  the  experiaental  results  than  is  the  unsteady 
procedure  of  Tsakonas,  et  al3.  This  is  not  surprising  since  for  the  cases  under 
consideration  in  this  paper  the  dominant  periodic  loading  is  at  a low  reduced 
frequency  and  the  dominant  first  harmonic  of  the  wake  is  in  phase  radially. 

Based  on  these  results,  it  appears  that  the  available  analytical  procedures 
are  not  properly  considering  all  of  the  important  characteristics  of  the  flow  field 
for  operation  in  inclined  flow.  All  available  procedures  assume  that  the  propeller 
slipstreom  follows  the  propeller  axis  rather  than  the  free  stream  velocity  which 
is  at  an  angle  to  the  propeller  axis  in  inclined  flow.  It  is  speculated  that  this 
failure  to  consider  the  true  direction  of  the  slipstream  is  the  major  factor  in 
the  analytical  underprediction  of  the  periodic  blade  loads  in  inclined  flow. 

CONCLUSIONS 

The  towing  tank  is  a valuable  tool  for  determining  the  effect  of  various 
par  Meters  on  unsteady  blade  loading.  The  towing  tank  experiments  in  idealised  wake' 
patterns  were  critical  to  determining  the  importance  of  the  various  parameters 
on  the  discrepancy  between  theory  and  experiment. 

•The  experimental  results  shown  have  not  yet  been  corrected  for  interaction  between 
the  various  components)  however,  these  interactions  are  small  and  will  not  affeet 
the  trends  or  conclusions  drawn  fora  these  data. 
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listing  theories  substantially  underpredict  unsteady  blada  loads  in  tangsntial 


existing  theories  are  reasonably  adequate  for  predicting  unsteady  blade  loads 
in  axial  wakes  near  design  advance  coefficient. 

for  a given  wake  pattern  the  unsteady  blade  loads  are  not  significantly  influenced 
by  the  blade  tip  clearance. 
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ABSTRACT 

This  paper  reports  tbs  progress  of  so  experimental  Investigation  of  the  wake 
distribution  of  a full  fora  ship.  Using  three  component  hot-wire  anemometers,  the 
flow  field  in  the  wake  region  of  a double  model  of  the  200,000  DVT  tanker  Ryuko-Maru 
is  being  experimentally  determined  In  the  wind  tunnel  at  David  V,  Taylor  Naval  Ship 
RAD  Canter.  Reeulta  of  an  initial  series  of  experiments  are  presented  and  compared 
with  measurements  obtained  from  towing  tank  experiments  of  a seven  meter  model  of  the 
same  hull  by  Namiaatsu  and  Muraoka. 


Ideally,  tbs  naval  architect  should  have,  as  an  input  to  the  propeller  design 
process,  a complete  knowledge  of  the  flow  field  in  which  the  propeller  will  be  operating 
Unfortunately,  such  information  has  proved  to  be  rather  elusive,  particularly  for  full- 
form  ships. 

The  quantity  which  is  most  easily  measured  is  what  we  refer  to  as  the  model  scale 
nominal  mska,  l.e.  tbs  flow  field  at  the  propeller  plane  of  a towed  model  without 
propellers.  But  since  the  propellers  of  most  ships  operate,  at  least  partially,  within 
the  boundary  layer  of  the  hull,  and  since  there  exist  very  great  differences  between  the 
Reynolds  numbers  of  the  ship  and  its  model,  one  must  expect  that  the  nominal  wake  of  the 
ship  might  be  quite  different  from  the  measurements  made  behind  the  model.  However, 
the  effects  of  scale  upon  the  nominal  wake  represent  but  ona  half  of  tha  problem  since 
we  have  not  yet  addressed  the  hull/propeller  interaction. 

The  quantity  which  is  needed  as  an  input  to  the  propeller  design  process  is  not 
the  nominal  make,  but  rather  the  effective  wake,  which  can  be  defined  as  tha  flow  field 
behind  the  self-propelled  ship  minus  tha  propeller  induced  velocities.  Of  course,  if 
there  were  no  hull /propeller  interactions,  then  the  effective  wake  would  be  equal  to 
the  nominal  make,  end  our  problem  mould  be  greatly  simplified.  Unfortunately,  the 
alteration  of  the  boundary  layer  which  is  caused  by  the  action  of  the  propeller  is 


sometimes  just  ss  Important  as  ths  change  in  ths  boundary  layer  due  to  seals  affects. 

This  project  has,  as  a lone-range  objective,  the  development  of  an  engineering 
tool  which  would  enable  the  naval  architect  to  predict  the  effective  wake  of  the  ship 
from  measurements  of  the  nominal  wake  of  the  model.  Considerable  progress  has  been 
made  in  the  attempt  to  treat  this  problem  analytically  for  some  hull  forms,  particularly 
bodies  of  revolution  (see  Huang  and  Cox1).  These  methods  rely  upon  ths  assumption 
that  the  hull/propeller  interaction  can  be  treated  as  an  luvlscld  flow  problem  and 
that  the  effects  of  a change  in  scale  can  be  treated  by  boundary  layer  theory.  However, 
such  an  approach  runs  into  Immediate  and  severe  complications  when  one  attempts  to  find 
the  effective  wake  of  a full- form  ship.  Such  a ship  can  experience  a flow  separation, 
commonly  referred  to  as  the  bilge  vortex,  which  can  be  severe  enough  to  dominate  the 
flow  field  in  the  wake  region.  In  the  presence  of  a strong  bilge  vortex,  the  flow 
field  will  clearly  violate  the  boundary  layer  assumptions  and  the  use  of  existing  three- 
dimensional  boundary  layer  calculation  methods  becomes  untenable.  Since  it  would  appear 
that  we  are  still  a number  of  years  away  from  being  able  to  treat  such  a hull-form 
analytically  we  have  decided  to  peraue  a more  empirical  approach. 

Our  initial  efforts  are  being  directed  towards  the  experimental  determination  of 
the  flow  field  in  the  wake  region  of  a full-form  ship.  Messuroments  are  being  conduc- 
ted both  with  and  without  propellers  at  four  different  stations  near  the  propeller 
plane.  Such  a complete  set  of  data  should  be  valuable  not  only  in  the  development  of 
empirical  techniques  but  also  in  the  evaluation  of  three-dimensional  turbulent  boundary 
layer  prediction  schemes. 


The  hull  which  was  selected  for  our  experiments  is  that  of  the  200,000  DWT  tanker 

"Ryuko-Karu".  This  hull  has  already  been  examined  quite  extensively  by  Mamlaatsu  and 
2 

Mur a oka.  These  authors  have  published  wake  surveys  of  the  full-scale  ship,  its  30  m. 

model,  and  its  7 m;  model.  All  of  our  experiments  are  being  conducted  in  the  wind 
tunnel  with  e 3 a.  double  model.  Once  completed,  our  experiments,  together  with  the 
previous  studies,  will  include  fully-propelled  wake  surveys  at  four  Reynolds  numbers 
and  bare  hull  wake  surveys  at  two  different  Reynolds  numbers  (including  a duplication 
at  one  Reynolds  number  which  will  be  used  as  comparison  of  the  different  experimental 
techniques) . 

The  use  of  a double  model  or  mirror  image  model,  requires  ths  assumption  that  the 
presence,  or  lack,  of  a free  surface  does  not  significantly  affect  the  flow  field  in 
the  region  near  the  propeller.  While  we  recognise  that  this  may  be  a rather  bold 
assumption,  given  that  the  on-set  of  separstion  is  strongly  dependent  upon  the  pressure 
grsdlents,  it  is  felt  that,  since  such  a ship  operates  at  a very  low  Froude  number , the 
errors  introduced  by  the  ss ro  Froude  number  approximation  will  be  justified  by  the 


I 


272 


gains  in  experimental  accuracy  and  almpllcity  which  can  ha  raallsad  in  tha  wind  tuanal. 

We  hava  conaeructad  a 3 i.  (1/100  acala)  mirror  lmaga  modal  (aaa  Figures  1 and  2). 
and  hava  conducted  tha  initial  aarlea  of  experiment*  in  tha  anacholc  flow  facility  at 
DTNSRDC.  Tha  original  intent  wan  to  uaa  thrae-dlaanalonal  hot-wire  anamonatara  to  map 
tha  flow  field  for  tha  caae  where  tha  propallara  ware  not  operating,  and  to  uaa  both 
tha  hot-wire  anamometara  and  tha  lamer  dopplar  valociaater  (LDV)  to  map  the  flow  field 
whan  tha  propallara  ware  operating.  Tha  LDV  was  to  ha  uaad  to  naaaure  tha  flow  at 
points  immediately  in  front  of  tha  propeller,  since  tha  probe  body  of  a standard  hot- 
wire would  interfere  with  the  propeller  in  such  a region.  Unfortunately,  we  experi- 
enced acvere  problame  with  the  LDV,  caused  by  reflection  of  the  laser  beans  off  the 
body  surface.  This  made  accurate  3-D  measurements  Impossible  and  it  was  decided, 
therefore,  to  construct  special  3-D  hot-wire  probes  with  an  "L  shaped"  body,  which  could 
be  placed  in  front  of  an  operating  propeller.  As  of  now,  we  have  not  returned  to  the 
wind  tunnel  to  complete  the  measurements  and  our  experimental  results  are  missing  the 
important  points  immediately  in  front  of  the  propeller. 

The  measurements  include  three  upstream  stations  (.25,  .9,  1.9  propeller  diameters 
forward  of  the  propeller)  and  one  downstream  station  (.5  propeller  diameter  aft  of  the 
propeller).  All  three  components  of  the  velocity  were  measured  both  with  and  without 
the  propeller  operating. 


figures  (3)  and  (4)  show  the  results  obtained  at  the  station  Immediately  in  front 
of  the  propeller  disk  when  there  were  no  propellers  operating.  The  flow  clearly 
indicates  the  presence  of  the  bilge  vortex  and  accompanying  cross  flow,  but  it  should 
be  noted  that  this  particular  wake  is  considerably  simpler  than  come  of  the  wakes  found 
by  other  researchers  studying  similar  full  form  ships.  For  the  case  where  the  propel- 
lers were  operating,  the  measurements  only  Include  points  outside  of  the  propeller  disk. 
For  the  longitudinal  velocity  component,  everything  of  interest  occurs  within  the 
propeller  disk,  but  the  in-plane  component  is  presented  here  since  it  suggests  a 
phenomenon  which  was  not  observed  by  Namlmatsu  and  Mursoka  when  they  studied  the  same 
hull.  Mote  that  in  Figure  (5),  the  in-plane  component  is  altered  markedly  Just  outside 
the  propeller  disk.  This  seems  to  suggest  a substantial  acceleration  of  the  bilge 

3 

vortex  caused  by  propeller  suction.  This  phenomenon  has  been  observed  by  Bocks tra  in 
his  recant  study  on  hull  propeller  interaction.  He  should  be  able  to  clarify  this 
point  after  we  complete  the  next  series  of  tests. 

2 

Figure  (6)  is  reproduced  from  Namlmatsu  and  Muraoka  and  presents  the  results  of 
their  measurements  on  the  7 m.  towed  model.  It  can  be  aeen  that  the  longitudinal 
component  of  the  velocity  agrees  quite  well  with  our  measureaents  and  ao  does  the 
magnitude  of  the  in-plane  velocity.  However,  the  direction  of  the  ln-plane  velocity 
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Figure  2:  Stern  view  of  double  model  showing  propellers  end 
support  for  hot-wire  probes 
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discussion  or  wiirn  contributions  to  the  propulsion 
OOMfXTTEB  REPORT 

Edited  by  V.  G.  Day,  Jr. , of  DTMSRDC 

PERFOSKANCE  OF  DUCTED  PROPELLERS  PITTED  TO  SURFACE  CRAFT,  Gaariurdt  and 
Henderson 

Writ tan  Dlacuaalon: 

M.  B.  Wilaon,  David  H.  Taylor  Naval  Ship  RAD  Cantor 

Thla  dlacuaalon  concarna  tha  statement  In  tha  paragraph  following  Equation  (5) 
of  Appendix  6 to  tha  effect  that  "dlffualng  due to  will  not  produce  any  performance 
galna  lr  overall  parfornanca  aa  compared  to  nondlffualng  ducta."  Thera  nay  be  a 
aaaantlca  problem  of  Identifying  what  la  aaant  by  'parfornanca  galna,'  but  In  tha 
aoet  straight-forward  sense  of  a comparison,  the  atatansnt  la  not  true.  Rather  It  la 
Incomplete,  lacking  certain  crucial  qualification.  It  should  be  noted  that  at 
relatively  low  speeds,  for  a given  rotor  and  duct  diameter  and  length,  a diffusing 
duct  can  moat  certainly  be  shaped  to  deliver  more  thrust-per-unit  power  than  a 
nondlffualng  duct.  Tha  speed  range  and  power  loading  are  essential  paraasters  In 
determining  the  sign  and  magnitude  of  performance  augmentation,  however. 

The  proofs  of  performance  benefits  of  duct  diffusion  exist  both  theoretically 
(Ideal  flow  analysis)  and  experimentally.  The  reason  for  Improved  performance  can  be 
understood  In  tama  of  the  higher  thrust  Induced  on  the  ring  wing  (duct)  due  to 

higher  camber  aa  was  pointed  out  by  J.O.  Scherer  or  in  terms  of  a 

one-dimensional  momentum  analysis  aa  outlined  below. 

Ideal  ducted  propeller  performance  limits.  Including  the  effects  of  duct 
diffusion,  have  been  worked  out  for  example,  by  M.  Laxareff  (1968)  In  Reference  6.1. 
Figure  6. A illustrates  the  flow  geometries  associated  with  nondlffualng  and  dlffualng 
ducts,  and  shows  the  effect  of  diffusion  In  expanding  the  final  exit  stream  flow  out 
to  area  with  average  velocity  V^,  compared  with  the  rotor  area  S^,  velocity  V^,  of 
the  nond if fused  duct.  The  thrust  la 

T - m (V,  - V ) 

4 O 

and  tha  Ideal  power  needed.  Ignoring  the  shlpstream  rotation,  la 

P - %m  V?  - V* 

4 o 
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«twn  the  mm  flow  rat*  through  tho  device  la 


■ - P V181  - p V4S4 


la  addition  to  th*M  inviacid  relations,  Lutrtff  (1966)  ha*  also  Include  a 
raallatlc  aatlnat*  of  tho  total  rlacoua  drag  on  tha  duct.  Plgura  6.B,  reproduced 
fron  Laxareff  (1966)  la  an  maple  coaparleou  of  tha  predicted  performance  of  a free 
propeller,  a ducted  propeUer  with  o - 1,  and  a ducted  propeller  with  o - 1.4  ahown 
with  thruat-to-powar  ratio  plotted  versus  forward  apeed,  for  a power  loading  of 
p/S  • 200  kV/n2  - 24.92  hp/ft2.  Thla  ahown  that  tha  benefit*  of  diffusion  In 


laproving  the  throat  delivered  for  a gl' 

(approaching  tha  bollard  condition  V • 

o 

raqulrad  becomes 


which  Indicates  tha  distinct  performance  laprovaaant  afforded  by  diffusion  at  the 
bollard  condition. 

Lasareff  (1967)  has  also  provided  example  experimental  evidence  of  performance 
Increase  on  a propeller  duct  with  diffusion  la  Reference  6.2.  Figure  6.C  is  a sketch 
taken  from  Lasareff  (1967)  of  a modal  propeller-hub-duc t arrangement  having  65  degree 
duct  diffusion  aft  of  the  blade  tips.  Blowing  slot  boundary-1  layer-control  urns  used 
to  suppress  separation  on  tha  duct  Inner  surface  and  on  tha  aft  end  of  the  hub. 

Based  on  testa  In  air  at  the  bollard  condition,  Lasareff  (1967)  has  reported  the 
achievement  of  a static  merit  coefficient  of  M.  - 1.17.  Here  the  M,  Is  defined  as 


Figure  6.C  - Sketch  of  Model  Ducted 
Propeller  with  Diffusion,  Tested  by 
Lasareff  (1967)  In  Air 


y,  <»/•> 


Figure  6.B  - Comparison  of  Thrust-to-Power 
Ratio  with  Free  Propeller  and  the  Effect  of 
Diffusion  (From  Lasareff  (1968)) 


For  an  ideal  ducted  propeller  without  diffusion  >L  • 1,  end  for  on  ideal  free 
propeller  Mj  - i/oTSj  so  that  the  aodel  experimental  value  of  - 1,17  la 


lnpresslvely  high.  Unfortunately,  experiments  with  forward  spaad  ware  not  reported, 
so  the  croe e-over  points  for  vanishing  parfornanca-eugaant  due  to  diffusion  (as  la 
rigure  6.B)  era  not  available  as  a function  of  spaad  and  power  loading  for  Lasaraff *s 
nodal. 


6.1  Lasaraff,  M.t  "Aer0d7nad.ee  of  Shrouded  Propellers,"  Paper  D of  the 
Aarodynaalcs  of  V/STOL  Aircraft,  ACASS  ograph  126,  Map  1968. 

6.2  Lasaraff,  M. , "Cmtrola  da  Diffusion  aval  sur  Bailee  Coronas,**  AGARD  Conference 
Proc addings  Bo.  22,  September  1967. 


Oral  Discussion: 

Otto  Scherer  of  Hydronautics,  Inc.  stated  that  the  inviscid  analysis  performed 
by  Mr.  Cearhardt  shows  that  diffusion  in  the  nossle  did  not  seen  to  nafce  any  differ- 
ence in  the  thrust  analysis.  However,  Mr.  Scherer  pointed  out  that  with  nore  dif- 
fusion and  s greater  ness  flow  in  the  nossle  the  process  could  lose  efficiency  and 
therefore  thrust.  Dr.  Morgan  of  DTNSKDC  agreed  with  Scherer  that  the  analysis  of 
the  diffusing  duct  did  not  allow  s couplets  analysis  of  the  pressure  distribution 
over  the  body  as  well  as  the  duct.  The  pressure  over  the  body  would  contribute  the 
usin  thrust  loss,  that  is  thrust  deduction.  Dr.  Morgan  endorsed  the  idea  of  velocity 
aeasureuents  over  the  body  and  the  shroud,  especially  interior  velocities  for  coapar- 
ison  with  analysis  techniques  which  were  presented  in  the  paper. 

Mr.  Cearhardt  stated  that  for  the  given  shaft  horsepower  of  the  design  there 
was  only  one  uass  flow  and  only  one  thrust  generated  which,  for  a non-separating 
shroud,  was  assuued  to  produce  the  sane  aoaentua  deficit  in  the  write  as  the  thrust 
deduction  analysis.  Mr.  Cearhardt  also  stated  that  for  a diffusion  nossle  such 
as  had  been  discussed  there  was  a trade-off  between  duct  geoaetry  for  efficiency, 
and  uass  flow  for  loading  on  the  blades  since  the  higher  uass  flow  tended  to  be 
less  efficient  but  produced  lass  blade  loading. 
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WATERJBT  PkOPULSIOW  8TSTIM  PgkFOkMAHCB  ANALYSIS.  Miller 


Oral  Diacuaaion: 

Nr.  Jack  Brandau  agraad  with  Nr.  Hiller  a presentation  of  tha  water jet  perform- 
ance analyaia  and  pointad  out  that  one  of  tha  problems  aaaociated  with  thaae  systems 
ia  tha  claim  of  high  pump  afficienciea  which  leada  deaignera  to  expect  system  effic- 
ieneiea  of  the  eaae  high  value.  Hr.  Brandau  noted  that  the  experimental  tecbniquea 
and  analysis  procedurea  are  not  well  known  to  deaignera  and  eignificant  loaaea  occur 
unleaa  careful  attention  ia  paid  to  thoae  component  analyaee  deacribed  by  Hr.  Hiller. 
Mr.  Scherer  added  that  aa  an  aid  to  thoae  working  in  water jet  ayatem  deaign,  the 
I.T.T.C.  ia  preparing  a nomenclature  liat  and  an  analyaia  aunmary  of  thruat  and 
drag  of  waterjet  ayatema  which  ia  intended  to  make  component  evaluation  more  uniform. 

Mr.  Miller  agreed  that  deaign  evaluation  ia  minimal  in  theae  caaea  aince  a 
complete  evaluation  ia  aomewhat  expensive  and  requirea  atrong  juatification. 

A SURVEY  Of  PKOPULSOR-VEMICLE  INTERACTION  OH  HIGH  PERPORMAHCE  MAKIME  CRAFT.  Wilaon 

Oral  Diacuaaion: 

Mr.  Dan  Savitaky  of  the  Davidaon  Laboratory  aaked  if  tunnel  propellera  were 
not  included  in  the  paper.  Mr.  Wilaon  noted  that  there  waa  a contribution  in  the 
paper  drawn  from  two  referencea  in  the  bibliography.  Dr.  Brealin  addad  that  calcu- 
lation of  relative  rotative  efficienciea  in  ahear  flowa  auch  aa  might  be  expected 
in  a tunnel  were  being  performed  at  Davidaon  Lab.  The  optimum  performance  waa  then 
being  compared  to  that  of  a eimilar  propeller  in  uniform  flow.  Mr.  Crago  of  the 
Britiah  Hovercraft  Corporation  comaanted  on  the  airacrew  propulaion  analyaia.  In 
ayatema  in  which  one  prime  mover  providea  both  fan  and  propulaion  power,  loaaea 
on  the  propeller  efficiency  due  to  low  inflow  velocitiea  can  eometimea  be  made  up 
by  increaaea  in  fan  efficiency  with  the  total  craft  ayatem  efficiency  not  being 
reduced  a great  deal. 

WATERJET  PEQPULSOE  THRUST  MEASUREMENT  UglBC  A REACTION  ELBOW,  Eilera  and  Shrout 
Oral  Diacuaaion: 

Dr.  Blaine  Parkin  of  the  Applied  Reeearch  Laboratory,  Penn  State,  aaked  about 
Figure  2-b  of  the  paper  which  ahowa  the  water  inlet  penetrating  one  of  the  control 
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aurfacea.  Dr.  Parkin  caked  what  precaution#  vara  r*^uir*4  to  knap  tbia  iniat  flaw 
iron  invalidating  tha  thruat -error  naaauraaanta  which  warn  tba  objactiva  of  eha 
nodal  axparinanta . 

Nr.  lilara  raviawad  tha  procaaa  by  which  tha  iniat  flow  intaractiona  were 
reduced  or  alininatad.  Tba  boat  natbod  found  wna  tha  nan  of  a long  aalid  pipa 
(approxinataly  10  faai  in  length).  Praaawra  taraa  and  vortical  intaractiona  vara 
taken  throughout  tba  aaaanbly  of  tba  ayatan.  Nr.  (kraut  added  that  tha  biggaat 
problen  waa  tba  vortical  force  interaction  with  the  throat  flaxnrna  and  that  tbia 
interaction  bad  to  bo  taken  out  of  tba  final  data  aa  a taro. 


